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SUMMARY 
SUMMARY 
Flavonoids are w ide ly d i s t r i b u t e d p l a n t de r i ved d i e t a r y 
c o n s t i t u e n t s and are g e n o t o x i c a g e n t s . They f o r m a c t i v e 
c o n s t i t u e n t s o f a number o f h e r b a l and t r a d i t i o n a l 
medic ines. I n a d d i t i o n t o t h e i r p u t a t i v e environmental and 
d i e t a r y h a z a r d , f l a v o n o i d s have been i m p l i c a t e d as nove l 
a n t i v i r a l and an t i tumor compounds. I n e a r l i e r r epo r t s from 
t h i s l a b o r a t o r y i t was shown t h a t q u e r c e t i n and o t h e r 
f l avono ids cause s t rand s c i s s i o n i n DNA i n the presence of 
C u ( I I ) and t h a t t h i s r e a c t i o n i s a s s o c i a t e d w i t h t h e 
t r a n s i e n t reduc t i on o f C u ( I I ) t o Cu( I ) and the genera t ion of 
a c t i v e oxygen spec ies . I t was f u r t h e r shown t h a t que rce t i n 
i s able t o b ind t o both double and s i n g l e - s t randed ONA and 
forms a charge t r a n s f e r complex w i t h C u ( I I ) t h a t decays i n an 
oxygen dependent r e a c t i o n . The DNA s t rand s c i s s i o n accounts 
f o r the b i o l o g i c a l a c t i v i t y o f q u e r c e t i n as assayed by 
bacter iophage i n a c t i v a t i o n . 
The p r e s e n t s t u d i e s a r e d e s i g n e d t o i d e n t i f y t h e 
s t r u c t u r a l requirements o f f l a v o n o i d s e s s e n t i a l f o r the DNA 
degrad ing a c t i v i t y i n t he p resence o f C u ( I I ) and t o 
de te rmine t he s p e c i f i c i t y i f any , o f DNA c l e a v a g e . The 
a c t i v i t i e s o f s e v e r a l f l a v o n o i d s and t h e r e l a t e d n o n -
f l a v o n o i d compound e p i c a t e c h i n were compared w i t h respect t o 
C u ( I I ) - i n d u c e d s t rand s c i s s i o n o f DNA by us ing two d i f f e r e n t 
assays. The same series of compounds were used to study the 
stoichiometry of Cu(II) reduction in the absence of DNA. The 
compounds were also compared for their ability to generate 
superoxide, hydrogen peroxide and the Cu(II)-dependent 
production of hydroxyl radicals. All the compounds tested had 
some ability to cause DNA stranad scission in the presence of 
Cu(II), with myricetin being the most active and galangin the 
least active. The ability to cause such scission correlated 
with the rate of decay of the charge transfer complex, the 
ability to generate active oxygen species and with the 
stoichiometry of CudI) binding. The technique of DNase I 
"foot printing" was used to investigate the preferred 
binding sites for flavonoids on a supercoiled pUC19 plasmid 
DNA. The experiments suggested that flavonoids do not possess 
any site specificity of binding to DNA. The strand scission 
in DNA by flavonold - Cu(II) is also non-sequence and 
conformation specific as indicated by the uniform cutting 
pattern of DNA internucleotide linkages. 
Oxygen radicals particularly the hydroxyl radical has 
been shown to modify and fragment proteins. This may have 
implications in diseases such as rheumatoid arthritis in 
which radicals may degrade macromolecules in cartilage and 
synovial fluid. Since flavonids are normal constituents of 
human diet, it was of interest to examine the effect of 
flavonoid - Cu(II) system on proteins. Quercetin in the 
presence of Cu(II) degraded BSA to heterogeneous sized 
fragments detectable by SDS/polyary1 amide gel 
electrophoresis. The maximum rate of BSA fragmentation by 
quercetin-Cu(II) was observed at quercetin/Cu(II) molar ratio 
of 1:0.25. Increased susceptibility to tryptic proteolysis 
was also seen after BSA was incubated with quercetin-Cu(II). 
Cu(I) was shown to be an essential intermediate by using the 
Cud) - sequestering reagent, neocuproine which inhibited the 
fragmentation reaction. The flavonoids quercetin, myricetin 
and galangin were shown to bind to BSA as indicated by 
fluorescence quenching of BSA and fluorescence enhancement 
of flavonoids. Changes in the absorption spectrum of 
flavonoids on addition of BSA and Cu(II) indicated the 
formation of a ternary complex. Uric acid is a proposed 
natural physiological antioxidant and is clasically a radical 
scavenger. Reaction between uric acid and free radicals 
generates urate free radical anion which has been shown to 
have a damaging effect on macromolecules. The rate of 
fragmentation of BSA by quercetin Cu(II) was enhanced when 
uric acid was included in the reaction mixture. 
INTRODUCTION 
INTRODUCTION 
It is generally accepted that a high proportion of 
human cancers is attributable to environmental agents, mainly 
environmental chemicals. The distribution of potential 
carcinogens in the environment is essentially ubiquitous. 
The human diet contains a variety of naturally occurring 
mutagens and carcinogens (Ames, 1983). The predominance of 
certain foods in some countries has been related to the 
incidence of certain types of cancers in their populations. 
Therefore dietary mutagens have attracted considerable 
interest in the past decade and a number of studies on 
dietary practices in relation to cancer have been undertaken. 
These studies suggest that a greater intake of fibre rich 
cereals, vegetables, fruits and a lower consumption of fat 
rich products and alcohol would be advisable (Doll and Peto, 
1981; Peto and Schneiderman, 1981). Although quite a large 
number of dietary components have been evaluated in microbial 
and animal test systems, there is still a lack of definitive 
evidence about their carcinogenicity and mechanism of action. 
A majority of chemical carcinogens are known to form covalent 
adducts with DNA and there is a large body of evidence 
implicating DNA as a critical target in chemically induced 
cancer (Miller, 1978; O'Connor, 1981). In order to understand 
carcinogenesis at the molecular level, it is essential to 
determine the conformational changes in the target 
macromolecules and relate these findings to possible 
aberrations in the functioning of modified macromolecules. Of 
late, there has also been an increasing interest in oxygen 
radicals and lipid peroxidation as a source of damage to DNA 
and therefore as promoters of cancer (Harman, 1981; Gensler 
and Bernstein, 1981; Totter, 1980; Tappel, 1980). In 
addition, mammalian systems have evolved many defence 
mechanisms as protection against mutagens and carcinogens. 
The most important of such mechanisms may be those against 
oxygen radicals and lipid peroxidation. 
Mutagens and carcinogens in dietary plant material: 
It is obvious that food is a very complex substance to 
which humans are exposed. Most people perceive food 
substances of natural origin as free of risk. Such acceptance 
is largely based on faith because our objective knowledge on 
this topic is relatively poor. A large number of chemicals 
are synthesized by plants, presumably as a defence against a 
variety of invasive organisms, such as bacteria, fungi and 
insects (Kapadia, 1982; Clark, 1982; Pamukcu ai al., 1980; 
Stich ei al.. 1981a). The number of these toxic chemicals is 
extremely large and new plant chemicals are being 
continuously discovered (Jadhav si Sd-, 1981; Griesebach and 
Ebel, 1978). It has been known for many years that plants 
contain carcinogens and a number of edible plants have shown 
experimental carcinogenic activity for several species and 
various tissues. Wide use of recently discovered short term 
tests for detecting mutagens (Ames, 1979; Stich and San, 
1981) and a number of animal cancer tests on plant substances 
have contributed to the identification of many natural 
mutagens and carcinogens in the human diet (Kapadia, 1982). 
Some examples of most frequently ingested compounds are 
discussed below. 
Safrole and estragole are related compounds, which 
occur in certain spices and essential oils and are weak 
hepatocarcinogens (Fenaroll, 1971; Quenther and Althausen, 
1949). Recent studies have implicated 1'"hydroxysafrole and 
1'-hydroxyestragole, respectively as proximate carcinogenic 
metabolites of safrole and estragole (Drinkwater ei. al . . 
1976; Borchert gi al-. 1973). Eugenol and anethole are 
structurally related to safrole and estragole and are widely 
used as flavouring agents or as food additives. Black pepper 
contains small amounts of safrole and large amounts of 
closely related compound piperine (Concon fii aJL-, 1979). 
Extracts of black pepper cause tumors in mice at a number of 
sites at a dose equivalent to 4 mg of dried pepper per day 
given for 3 months. 
Ivie ai sJ_. , (1981) have reported that linear 
furocoumarins (psoralens), which are widespread in plants of 
the Umbelliferae family, are potent light activated 
carcinogens and mutagens. Three of the most common phototoxic 
furocoumarins are psoralen, xanthotoxin and bergapten. In 
addition to Umbelliferae, psoralen also occurs in plants from 
several other families (Ivie, 1978). Psoralens are potent 
photosensitizers and highly mutagenic in the presence of 
activating long wavelength UV light. They readily intercalate 
into duplex DNA where they form light induced mono- or 
diadducts with pyrimidine bases. Psoralen, in the presence of 
light, is also effective in producing oxygen radicals (Ya ei 
al., 1982). 
Pyrrolizidine alkaloids are naturally occurring 
carcinogens and have been found in some fifty species of the 
families Compositae. Boraoinaceae and Leauminosae (Schoental, 
1982), which are used as foods or herbal remedies. Several of 
these alkaloids are hepatotoxic and certain hepatotoxic 
pyrrolizidine alkaloids are also carcinogenic (Hirono gi al.. 
1977; schoental, 1976), Testing of pure pyrrolizidine 
alkaloids for carcinogenicity has not been extensive for 
reasons of a limited supply of these chemicals. However, a 
number of these alkaloids have been reported to be mutagenic 
(Clark, 1960) in Drosoohi1 a and Asoeroi11 us systems 
(Alderson and Clark, 1966). Recently, Mori si. al- (1985) have 
used a hepatocyte primary culture ONA repair test to screen 
seventeen pyrrolizidine alkaloids for their DNA damaging 
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property. This test is highly responsive to carcinogenic 
pyrrolizidine alkaloids (Williams at al., 1980). Among the 
results obtained by these authors is the indication of a 
species difference in liver bioactivation of these alkaloids. 
This implies that there may be species difference in the 
carcinogenic potential of pyrrolizidine alkaloids. 
Edible mushrooms contain various hydrazine derivatives 
in relatively large amounts. Most hydrazines that have been 
tested have been found to be carcinogenic and mutagenic. The 
most common commercial mushroom, Aqaricus bisporus contains 
about 300 mg of agaritine, the ^-glutamyl derivative of the 
mutagen 4-hydroxy methylphenylhydrazine, per 100 gm of 
mushrooms as well as smaller amounts of the closely related 
carcinogen N-acetyl-4-hydroxymethylphenylhydrazine (Toth ei 
al.. 1982). Some agaritine is metabolized by the mushroom to 
a diazonium derivative, which is a potent carcinogen and is 
also present in the mushroom in smaller amounts. Many 
hydrazine carcinogens may act by producing oxygen radicals 
(Hostein and Jain, 1981). 
A number of 1, 2-dicarbonyl compounds e.g., maltole, 
kojic acid, ethylmaltole, diacetyl and glyoxal have been 
found to be mutagenic in the Salmonel la/Microsome assay. 
Several compounds in this class are of toxicological interest 
because they occur in various foods. For example, maltole is 
a product of carbohydrate dehydration and is present in 
coffee, soyabeans and baked cereals such as bread. Kojic 
acid is a metabolite of many microorganisms including several 
fungi used in food production, while diacetyl is an aroma 
component of butter, beer, coffee, etc. (Fishbein, 1983). 
A number of furans, such as 2-methylfuran, 2, 5-
dimethylfuran, furfural, 5-methylfurfural and 2-
furylmethylketone are found in numerous food products 
including meat, milk products, various nuts, tea and coffee 
(Maga, 1979). Stich fii &1., (1981b) have reported that these 
furans induced relatively high frequencies of chromatid 
breaks and chromatid exchanges when they were exposed to 
cultured Chinese hamster ovary (CHO) cells in the absence of 
a liver microsomal preparation. The clastogenic doses of many 
of the furans were relatively high (100-3900 ppm), whereas 
the concentration in food products was relatively low. 
However, Stich gi sH-, (1981b) cautioned that the furans are 
not the only genotoxic chemicals in the complex mixture of 
heated, roasted or boiled food products and even if the 
furans do not pose a serious health hazard by themselves due 
to their small amounts in most food items, they do contribute 
significantly to the total genotoxicity of many consumable 
foods and beverages. 
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In addition to pyrrolizidine alkaloids, certain 
g1ycoalkaloids found in potato, such as solanine and 
chaconine, have been reported to be highly toxic as they are 
strong inhibitors of cholinesterase (Jadhav gt al-» 1981). 
Pyrrolizidine alkaloids and other glycoalkaloids can reach 
levels which can be lethal to humans in potatoes that are 
diseased or exposed to light (Katsui si al-, 1982). 
Cyclopropenoid fatty acids, present in cotton seed and 
other oils, have been reported to be carcinogenic and 
mitogenic having various toxic effects in farm animals. Among 
these, sterculic acid and malvalic acid are widespread in the 
human diet. They are also potentiaters of carcinogenicity of 
aflatoxins (Hendricks gi aJ.. . 1980). Human exposure to these 
fatty acids results from the consumption of products of 
animals fed on cotton seed. Another major toxin in cotton 
seed is gossypol, which accounts for about ^% of its dry 
weight. Gossypol causes male sterility through formation of 
abnormal sperm and is carcinogenic as well (Xue, 1980). It is 
a potent initiator and also promoter of carcinogenesis in 
mouse skin (Haroz and Thomassan, 1980). Gossypol has been 
tested in China as a possible male contraceptive as it is 
inexpensive and causes sterility during use. Its mode of 
action as a spermicide is presumably through the production 
of oxygen radicals. 
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A number of qui nones and their phenolic precursors are 
found in the human diet and have been shown to be mutagens 
(Stich gl al. , 1981b; Brown, 1980; Levin aJt &!• , 1982). 
Qui nones are quite toxic as they can act as eiectrophiles or 
accept a single electron to yield the semiquinone radicals 
which can react directly with DNA or generate superoxide 
radicals (Morimoto fii al-. 1983; Kappus and Sies, 1981). Many 
dietary phenols can autoxidize to quinones generating 
hydrogen peroxide at the same time. The amounts of these 
phenols in human diet are appreciable, for example, catechol 
which is mainly derived from metabolism of plant substances 
is a potent promoter of carcinogenesis and an inducer of DNA 
damage (Carmella fii al-, 1982). 
In addition, there are many other dietary compounds 
which have been shown to be mutagenic and carcinogenic in 
various test systems. Allyloisothiocyanate, a major flavour 
ingredient of mustard oil, is one of the main toxins of 
tnustard seeds and has been shown to be a carcinogen in rats 
(Dunnick fit Al-. 1982). Phorbol esters, present in plants of 
EuDhorbiacea family, are potent promoters of carcinogenesis 
and cause nasopharyngeal and esophageal cancers (Hecker, 
1981). A variety of carcinogens and mutagens are present in 
mold contaminated food grains, nuts and fruits. Some of 
these, such as various aflatoxins, are among the most potent 
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carcinogens and mutagens known (Hirono, 1981; Tazima, 1982). 
Nitrosoamines and other nitrosocompounds formed from nitrate 
and nitrites in food have been directly related to the 
incidence of stomach and esophageal cancer. Nitrates are 
present in large amounts in spinach, radish, lettuce and 
beans (Magee, 1982). Although alcohol is not a constituent of 
a normal human diet, in view of its widespread use, it would 
be relevant to mention its toxic role. Alcohol has long been 
associated with the cancer of mouth, pharynx and liver 
(Tuyns fiJL JBLL-i 1982). Alcohol metabolism generates 
acetaldehyde, which is a mutagen and possibly a carcinogen 
(Stich and Rosin, 1983; Campell and Fantel, 1983). It also 
generates radicals that produce lipid hydroperoxides and 
other mutagens and carcinogens (Winston and Cederbaum, 1982; 
Videla gi al., 1982). 
Dietary fat - A possible source of carcinogens: 
Fat accounts for approximately 40X of the calories in 
the human diet. There is epidemiological evidence relating 
high fat intake with colon and breast cancer. Animal studies 
have indicated that high dietary fat is a promoter and a 
presumptive carcinogen (Kinlen, 1983; Fink and Kritchevsky, 
1981; Wlesch and Aylsworth, 1983). Two plausible mechanisms, 
involving oxidative processes, have been considered to 
account for the relationship between high fat intake and the 
occurrence of cancer and heart diseases. According to the 
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first mechanism, rancidity of fat yields a variety of 
mutagens and carcinogens, such as fatty acid hydroperoxides, 
cholesterol hydroperoxides, fatty acid epoxides and 
aldehydes (Simic and Karel, 1980; Bischoff, 1969; Petrakis st 
Al., 1981; Imai sit &1-, 1980; Ferrali gi al-, 1980). Alkoxy 
and hydroperoxy radicals are also formed (Pryor, 1976-1982). 
Therefore the colon and digestive tract are exposed to a 
variety of fat derived carcinogens. The second possible 
mechanism involves hydrogen peroxide, which is generated by 
the oxidation of dietary fatty acids by peroxisomes. Each 
oxidative removal of two carbon unit generates one molecule 
of hydrogen peroxide, a known mutagen and carcinogen (Reddy 
et al.. 1982; Plain, 1955). Some hydrogen peroxide may 
escape the catalase in the peroxisomes and thus contribute to 
the supply of oxygen radicals (Speit at al-, 1982; Jones si 
al.. 1981). Oxygen radicals in turn can damage DNA and can 
start the rancidity chain reaction, which leads to the 
production of the mutagens and carcinogens mentioned above 
(Pryor, 1976-1982). 
Mutagens and carcinogens produced In cooking: 
Sugimura and his colleagues (1978, 1979) as well as 
others (Pariza gi al-i 1-983) have reported that the burnt and 
browned materials from heating protein during cooking is 
highly mutagenic. Pyrolysis of protein produces strong 
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frameshift mutagens that require metabolic activation by rat 
liver 89 fraction (Nagao si, al., 1977). Pyrolysates of amino 
acids also show various mutagenic activities (Matsumoto si 
al.. 1977). Among the various amino acids, the pyrolysate of 
tryptophan has been found to be most mutagenic followed by 
those of serine, glutamic acid, ornithine and lysine. 
Pyrolysates of various sugars, such as glucose, 
arabinose, fructose and sorbitol, are all mutagenic in S.. 
typhimurium system without metabolic activation. Pyrolysate 
of glucose was found to contain acetaldehyde and glyoxal 
which are mutagenic to S. typhi murium (Nagao si fll-, 1978). 
Caramel, which is sugar derived and is widely used as a food 
colouring and flavouring agent, is also mutagenic in 
Salmonella test systems, but has no carcinogenic effect when 
fed to rats as 6X of the diet for two years (Evans si al.. 
1977). Coffee contains a considerable amount of burnt 
material including the mutagenic pyrolysis product 
methylglyoxal (Sugimura and Sato, 1983). One cup of coffee 
also contains about 250 mg of the natural mutagen chlorogenic 
acid (Stich si al-. 1981a) and about 100 mg of caffeine which 
can cause birth defects at high levels in several 
experimental species (Fabro, 1982). There is inconclusive 
evidence to suggest that heavy coffee drinking is associated 
with cancer of the ovary, bladder, pancreas and the large 
bowel (Trichopoulos fii al-. 1981). Rancidity reaction of 
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cooking oils and animal fat is accelerated during cooking, 
thus increasing intake of mutagens and carcinogens (Simic and 
Karel, 1980). 
Food additives 
Sodium nitrite is extensively used as a preservative in 
meat, fish and cheese. A possible formation of nitrosamines 
from amines, present in or derived from the diet, occurs by 
reaction with nitrous acid at acidic pH. In humans, gastric 
juice attains a pH of nearly 1.0. Such high concentration of 
hydrogen ions gives rise to the nitrosyl cation No"*", which is 
a highly reactive nitrosylating agent. Nitrous acid itself is 
a known mutagen for various bacterial and fungal cells. Its 
mutagenicity is presumably related to the deamination of 
adenine and cytosine (Fishbein fti. aJ.-? 1970). Sodium 
bisulphite is used as a bacterial inhibitor in a variety of 
beverages and as a preservative in canned fruits and 
vegetables. The bisulphite anion reacts, rather specifically, 
with uracil and cytosine, within single stranded regions of 
DNA and RNA. It is also mutagenic to bacteria and 
bacteriophages (Singer, 1983). EDTA and its alkali salts are 
widely used as sequesterants in various foods. They are 
useful as antioxidants due to their property of forming 
poorly dissociable chelate complexes with trace quantity of 
metal ions such as copper and iron in fats and oils. EDTA has 
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been shown to induce chromosome aberrations and breakage in 
various plant species. 
Saccharin was synthesized in the last century and since 
then it has been widely used as an artificial sweetner. 
Reports on the mutagenicity and carcinogenicity of saccharin 
are conflicting and these activities are thought to be due to 
impurities present in saccharin preparations (Kramers, 1975). 
The possibility of an ±Q vivo conversion of saccharin into a 
mutagenic metabolite has also been suggested (Batzinger sj; 
al.. 1977). Another artificial sweetner, which was widely 
used but is now banned in USA and many other countries, is 
cyclamate. Cyclamate induces chromosome breakage in cells of 
several plant and animal species. It is converted 1Q vivo 
into eyelohexylamine, which is also an inducer of chromosome 
breaks (Fishbein fii al-, 1970). 
Oxygen radicals and cancer 
One of the theories of etiology of cancer which is 
being widely accepted, holds that the major cause is damage 
to DNA by oxygen radicals and lipid peroxidation (Ames, 
1983; Totter, 1980). Several enzymes produce superoxide anion 
(0'2~) during the oxidation of their substrates, for example, 
xanthine oxidase and peroxidase (Buetner si. &!• i 1978; Ouran 
et al.. 1977). Numerous substances such as reduced flavins 
and ascorbic acid upon autoxidation produce superoxide anion. 
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This radical further accepts an electron from a reducing 
agent, such as thiols to yield peroxide (H2O2). There is in 
vitro evidence that H2O2 may then react with certain chelates 
of copper and iron to yield the highly reactive hydroxy1 free 
radical (OH*) (Wolff si al-, 1986). That the superoxide anion 
actually appears in metabolism is confirmed by the ubiquitous 
occurrence of superoxide dismutase. Indeed, certain white 
blood cells generate superoxide deliberately by means of a 
specialized membrane bound NADPH oxidase and this 
participates in the killing of microorganisms and tumour 
cells (Wolff at al.. 1986). 
It has been suggested that certain promoters of 
carcinogenesis act by generation of oxygen radicals, this 
being a common property of these substances. Fat and hydrogen 
peroxide are among the most potent promoters (Welsch and 
Aylsworth, 1983). Other well known cancer promoters are lead, 
calcium, phorbol esters, asbestos and various quinones. 
Inflammatory reactions lead to the production of oxygen 
radicals by phagocytes and this is the basis of promotion by 
asbestos (Hatch at Al-» 1980). Many carcinogens which do not 
require the action of promoters and are by themselves able to 
induce carcinogenesis (complete carcinogens), also produce 
oxygen radicals (Demopoulos at jal. , 1980). These include 
nitroso compounds, hydrazines, quinones and polycyclic 
hydrocarbons. Much of the toxic effect of ionizing radiation 
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damage to DNA is also due to the formation of oxygen radicals 
(Totter, 1980). The mechanism of action of promoters involves 
the expression of recessive genes and an increase in gene 
copy number through chromosome breaks and creation of 
hemizygosity (Kinsella, 1982; Varshavsky, 1981). Promoters 
also cause modification of prostaglandins which are 
intimately involved in cell division, differentiation and 
tumour growth (Fischer fii &!•. 1982). Most data on radical 
damage to biological macromolecules concern with the effects 
of radiation on nucleic acids because of the possible genetic 
effects. However, in view of the catalytic role of enzymes, 
damage to proteins is also considered important. It has been 
suggested that primary oxygen radicals, produced in cells 
and their secondary lipid radical intermediates, modify and 
fragment proteins. The products are often more susceptible to 
enzymatic hydrolysis leading to accelerated proteolysis 
inside and outside the cells (Wolff si fll-, 1986). 
Anticare1nogens: 
The protective defence mechanisms against mutagens and 
carcinogens include the shedding of surface layer of the 
skin, cornea and alimentary canal. If oxygen radicals play a 
major role in DNA damage, defence against these agents is 
obviously of great importance (Totter, 1980). The major 
source of endogenous oxygen radicals are hydrogen peroxide 
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and superoxide which are generated as side products of 
metabolism (Pryor, 1976-1982). In addition, oxygen radicals 
also arise from phagocytosis after viral and bacterial 
infection or an inflammatory reaction (Tauber, 1982). The 
exogenous oxygen radical load is contributed by a variety of 
environmental agents (pryor, 1976-1982). The enzymes that 
protect cells from oxidative damage are superoxide 
dismutase, glutathione peroxidase (Pryor, 1976-1982), D, T 
diaphorase (Lind fi£ A1. , 1982) and glutathione transferases 
(Warholm sX. Al-> 1981). In addition to these enzymes, some 
small molecules in the human diet act as antioxidative agents 
and presumably have an anticarcinogenic effect. Some of these 
compounds are discussed below. 
Tocopherol (vitamin E) is an important trap of oxygen 
radicals in membranes (Pryor, 1976-1982) and has been shown 
to decrease the carcinogenic effect of quinones, adriamycin 
and daunomycin which are toxic because of free radical 
generation (Ames, 1983). Protective effect of tocopherols 
against radiation induced DNA damage and dimethylhydrazine 
induced carcinogenesis have also been observed (Beckman, £^ 
fll., 1982). B-Carotene is a potent antioxidant present in 
the diet and is important in protecting lipid membranes 
against oxidation. Singlet oxygen is a highly reactive form 
of oxygen, which is mutagenic and is mainly generated by 
pigment mediated transfer of energy of light to oxygen. 
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Carotenoids are free radical traps and are remarkably 
efficient as quenchers of singlet oxygen (Packer sti. Al-, 
1981). 0-Carotene and similar polyprenes are also the main 
defence in plants against singlet oxygen generated as a by 
product of the interaction of light and chlorophyll (Krinsky 
and Deneke, 1982). Carotenoids have been shown to be 
anticarcinogenic in rats and mice and may also have a similar 
effect in humans (Mathews-Roth, 1982; Peto si fll. , 1981). 
Glutathione is present in food and is one of the major 
antioxidants and is antimutagenic in cells. Glutathione 
transferases are a major defence against oxidative and 
alkylating carcinogens (Warholm fit al-, 1981). Dietary 
glutathione is an effective anticarcinogen against aflatoxins 
(Novi, 1981). The cellular concentration of glutathione is 
influenced by dietary sulphur amino acids (Tateishi sit al.. 
1981). Selenium, which is present in the active site of 
glutathione peroxidase, is another important dietary 
anticarcinogen. Glutathione peroxidase is essential for 
destroying lipid hydroperoxides and endogenous hydrogen 
peroxide and therefore helps to prevent oxygen radical 
induced lipid peroxidation (Flohe, 1982). Several heavy metal 
toxins, such as Cd^"*" (a known carcinogen) and Hg^ "*" decrease 
glutathione peroxidase activity by interacting with selenium 
(Flohe, 1982). Some other dietary antioxidants include 
ascorbic acid and uric acid. The former has been shown to be 
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anticarcinogenlc in rodents treated with UV light and 
ben2o(a)pyrene (Hartman, 1982). Uric acid is present in high 
concentrations in the blood of humans and is a strong 
antioxidant (Ames £jfe al-> 1981). A low uric acid level has 
been considered a risk factor in cigarette caused lung 
cancer; however, too high levels may cause gout. 
In addition, edible plants contain a variety of 
substances such as phenols that have been reported to inhibit 
or enhance carcinogenesis and mutagenesis in experimental 
animals (Ames, 1983). The inhibitory action of such compounds 
may be due to the induction of cytochrome (P-450) and other 
mentabolic enzymes (Boyd fii fll., 1982). The optimum levels of 
dietary antioxidants have not been determined; however, there 
might be considerable variation among individuals. On the 
other hand, high doses of such compounds may lead to 
deleterious side effects. The differences in cancer rates of 
various populations are generally considered to be due to 
environmental and life style factors such as smoking, 
dietary carcinogens and promoters. However, these differences 
may also be due to insufficient amounts of ant1 carcinogens 
and other protective factors in the diet (Maugh, 1979). 
In the past two decades, there has been much emphasis 
on the induction of cancer by occupation and industrial 
pollution factors. There is growing recognition, however, 
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that these may account for only a small fraction of human 
cancer. It is becoming increasingly clear from 
epidemiological and laboratory data that diet is an 
important factor in the etiology of certain human cancers. It 
has been suggested by Doll and Peto (1981) that in the United 
States diet accounts for 35% of cancer deaths. According to 
these authors, there are five possible ways whereby diet may 
affect the incidence of cancer: (i) ingestion of powerful 
direct acting carcinogens or their precursors; (ii) affecting 
the formation of carcinogens in the body; (ill) affecting 
transport, activation or deactivation of carcinogens; (iv) 
affecting "promotion" of cells that are already Initiated; 
and (v) overnutrition. Normal individual consumption of 
potentially mutagenic substances per day from foods and 
beverages is estimated to be between 1-2 gm. In addition, the 
endogenous conditions favour the formation of still more 
mutagens 1Q vivo in humans (Oshshima and Bartsch, 1961). 
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Mutagenicity of flavonoids: 
Of late, there has been increasing interest in 
naturally occurring compounds, ingested as part of the normal 
diet, which are potentially mutagenic/carcinogenic (Ames, 
1983). One such class of compounds is the flavonoids which 
occur in large amounts in a wide range of food plants 
including many fruits, vegetables, tea, skin of tubers and 
roots (Hermann, 1976). There are many flavonoids in plants 
and the mutagenicity of more than seventy naturally occurring 
flavonoids has been tested (Nagao fit al., 1978). Of these, 
quercetin was the strongest mutagen, followed by kaempferol, 
rhamnetin, galangin, isorhamnetin and fisetin (Brown, 1980; 
Nagao si &!• t 1981). It has been estimated that the average 
daily intake of flavonoids in the American diet is about 1 gm 
and thus there is clearly a potential hazard (Singleton, 
1981). All these compounds except quercetin required 
metabolic activation by rat liver enzymes when tested in 
microbial systems (Nagao si fll-, 1978). The mutagenicity of 
quercetin was further enhanced by rat liver enzymes. This 
suggests that quercetin may interact directly with cellular 
DNA. Besides the microbial system, flavonoids especially 
quercetin and kaempferol have also been tested for 
mutagenicity in higher systems, such as rat, hamsters and 
DrosoDhila. However, in these systems there have been 
conflicting reports on the mutagenicity and carcinogenicity 
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of quercetin (Hirono at fll • . 1981; Pamukcu ai a1 . . 1980; 
Watson, 1982). Whereas studies of Ambrose ai a1 . (1952) 
reported quercetin to be non-carcinogenic to rats fed with IX 
quercetin for 410 days. More recent definitive studies of 
Pamukcu sit fll-» (1980) demonstrated that quercetin was 
carcinogenic for the intestinal and bladder epithelium of the 
rat when fed as a basic grain diet of 0.1X quercetin (of 
purity > 99%) for 58 weeks. Although the mechanism of 
carcinogenicity of quercetin is not known, it has shown 
significant effects on DNA synthesis, lactate production and 
cyclic adenosine 3',5'-monophosphate level in neoplastic 
cells (Podhajcer £i al., 1980). 
Quercetin in common with other flavonoids is a 
candidate substance for the development of antiviral agents 
(Vanden gJt al-, 1986; Van Hoof ejt aLL. , 1984) and is a 
promosing compound for the inhibition of tumor invasion 
(Bracks fii al-. 1987). The mechanism by which quercetin 
exhibits its antitumor activity is not understood. Since 
it is a frame-shift mutation in S. tvphimurium (Ames, 1972) 
it has been argued that it might be an intercalating agent 
(Bjeldanes, 1977). However, there are no chemical data to 
support this view. Previous studies have suggested that 
flavonoids function as scavengers of reactive species of 
oxygen such as singlet oxygen (Takahama si. al. , 1984), 
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superoxide anion (Takahama £i. aJL-, 1983), and H2O2 
(Takahama, 1984). From the studies on the effect of metal 
ions, antioxidants and pH on the mutagenicity of quercetin 
in 1^ typhimurium. Hatcher and Bryan (1986) concluded that 
this reaction is antimutagenic. 
Previous and on going studies in our laboratory on 
the flavonoids have shown that quercetin causes strand 
scission in DNA in vitro in the presence of Cu(II) and 
molecular oxygen (Rahman gi al., 1989). In these studies 
calf thymus DNA, supercoiled pBR322 plasmid DNA and single 
stranded Ml3 phage DNA have shown to be degraded. In the 
case of plasmid, the products were relaxed circles or a 
mixture of these and linear molecules depending upon 
conditions. For the breakage reaction, Cu(II) could be 
replaced by Fe(III) but not by other ions such as Fe"*" , 
Co"'"^ , Ni"*"^ , Mn"*"^ , and Ca"*"^ . In the case of quercetin-
Cu(II) reaction, Cu(I) was shown to be an essential 
intermediate by using the Cu(I) - sequestering reagents, 
neocuproine and bathocuproine. Further, neocuproine 
inhibited the DNA breakage reaction. The involvement of 
the active oxygen species in the reaction was established 
by the inhibition of the DNA breakage by various scavengers 
of active oxygen species. Structurally related flavonoids 
rutin, galangin, apigenin, and fisetin, were ineffective or 
less effective than quercetin in causing DNA breakage. In a 
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subsequent study (Rahman fii fli., 1990) quercetin was shown 
to bind to both double and single stranded DNA. Quercetin 
and Cu(II) form a charge transfer complex that decays in an 
oxygen dependent reaction and this decay is accelerated by 
DNA. It was further shown (Fazal fii. sJi-. 1990) that 
quercetin reduces oxygen to superoxide anion and that in 
the presence of Cu(II) the hydroxyl radical is generated. 
Hydrogen peroxide is an intermediate and strand scission 
involved the hydroxyl radical. The strand scission 
reaction was shown to account for the biological activity 
for the quercetin as assayed by bacteriophage inactivation. 
Salmonella mutagenicity data from several 
laboratories (Brown, 1980) have revealed the basic 
structural requirements for flavonoid mutagenicity in 
Salmonella trvphimurium. The most important of these is 
the 3-OH group of the flavonol structure. The C-5 OH may 
also be important, although fisetin which lacks this 
hydroxyl is weakly mutagenic. Flavonoids lacking free 
hydroxyl group on the B-ring, eg. galangin, or having only 
1-OH group, e.g. kaempferol, show an absolute requirement 
for microsomal activation in order to exhibit mutagenicity 
for the Salmonel la tester strains. Quercetin, which 
possesses 3' and 4' hydroxyl groups of the B-ring, is 
directly mutagenic without metabolic activation. The 
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mutagenicity data of various flavonoids when compared with 
the strand scission in vitro in the presence of Cu(II) show 
a striking similarity. For example, fisetin (which lacks 5-
OH) is less effective than quercetin in DNA breakage and 
galangin (which lacks 3' and 4' OH in B-ring) and apigenin 
(which has only one OH in B-ring at 4') catalyse DNA 
breakage to a negligible extent (Rahman si. al. , 1989). 
Thus, these findings suggest a direct relationship between 
mutagenicity and DNA degrading capability of various 
flavonoids. In addition to the structural requirement 
mentioned above Macgregor and Jurd (1978) have further 
suggested that a double bond at the 2, 3, position and a 
structure which permits the proton of the 3-hydroxyl group 
to tautomerise to a 3-'keto compound are essential for 
mutagenic activity. 
Hydroxy! radical and DNA foot printing: 
Hydroxy! radical oxidation of nucleic acid is the 
subject of two very active and quite distinct research 
areas. As a diagnostic agent, this radical is widely 
applied to foot printing of nucleic acids and their 
complexes. Alternatively as a physiological and endogenous 
oxidant, this radical is central to many toxicological and 
radiological investigations. Radical-based foot printing 
relies on the direct strand scission of polynucleotides 
that result from oxidative attack of the sugar backbone. 
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In most examples the nucleic acid fragments under these 
conditions are separated by gel electrophoresis, visualised 
by- autoradiography and quantified by densitometry (Tullius 
et al . , 1987). These protocols have been used to 
characterize the folding (Tullius and Dombroski, 1985; 
Burkhoff and Tullius, 1988; Williams and Goldberg, 1988; Lu 
et al.. 1990; Lantham and Cech, 1989; Celander and Cech, 
1991) binding (Dixon si al-, 1991; Darsillo and Huber, 
1991) and cross linking (Weidner £t al-, 1989; Hopkins SXL 
Al. , 1990) of nucleic acids ranging in size from small 
oligonucleotide models to high molecular weight polymers. 
The important properties of the hydroxy1 radical that make 
it particularly useful for DNA structure work are its high 
reactivity towards the sugars arranged along the DNA 
backbone and its small size. The major advantage of the 
hydroxyl radical as a foot printing reagent is its ability 
to 'etch away' places on the DNA backbone that are not 
covered by protein, but are nonetheless inaccessible to 
larger probes like DNase I (Tullius and Dombroski, 1986). 
This points out a fundamental difference in the mechanism 
of image generation by the hydroxyl radical and DNase I; 
the enzyme must bind to the DNA molecule before it can cut, 
while the hydroxyl radical need only collide with DNA back 
bone to do its chemistry. 
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The hydroxy1 radical can be generated from a number 
of reactions such as Fe-EDTA and H2O2 (Tullius si. al . . 
1987), Methidiumpropyl EDTA-Fe(II) (Van Dyke and Dervan, 
1983), and copper phenanthroline (Sigman, 1980). These 
agents have been shown to cleave all internucieotide bonds 
and are suitable for determining the location and size of 
binding sites of small molecules. 
Free radicals and protein degradation: 
Primary oxygen radicals produced in cells and their 
secondary lipid radical intermediates can modify and 
fragment proteins. The products are often more susceptible 
to enzymatic hydrolysis and so radical fluxes may 
accelerate proteolysis inside and outside the cells (Wolff 
et al., 1986). The sensitivity of proteins to oxygen free 
radical attack is now well established. Such radicals can 
be formed from gamma-irradiation, metal ions and H2O2 
(Wolff and Dean, 1986), Cu(II) and ascorbate (Marx and 
Chevion, 1986) and glucose in the presence of oxygen and 
Cu(II). This last reaction is important in that it appears 
to contribute, in addition to the Amadori rearrangement, to 
the glycation of proteins during diabetes and ageing (Hunt 
et al., 1988). Fragmentation and crosslinking could alao 
be observed when a mixture of biosynthetically labelled 
cellular proteins was used as substrate. Carboxyl and 
amino groups were generated during the reaction of OH' with 
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serum albumin in the presence of oxygen (Wo l f f e t a l . , 
1986). 
Dean fii a l . , (1989) have proposed tha t pro l ine and 
h i s t i d i ne are major s i tes of damage during radical attack 
upon p r o t e i n s , becoming r e s p e c t i v e l y g l u t a m a t e and 
a s p a r t a t e . Th i s was i n v e s t i g a t e d u s i n g p r o t e i n s 
b i o s y n t h e t i c a l l y l abe l l ed w i t h r a d i o a c t i v e p r o l i n e or 
h i s t i d i ne as ta rge ts . Free radicals were generated by 
copper and H2O2 or by r - r a d i o l y s i s . P r o t e i n bound 
h i s t i d i ne was subs tan t ia l l y converted in to aspartate. Much 
pro l ine was modified during radical a t tack, but i t was not 
converted in to glutamate. Thus, h i s t i d i ne and pro l ine are 
important s i tes of prote in attack by radicals and protein 
cleavage may resu l t from these react ions. 
Scope of the present work: 
As noted previously, studies in t h i s laboratory have 
shown that f lavonoids degrade DNA in the presence of Cu(I I ) 
through the generat ion of a c t i v e oxygen spec ies . The 
studies presented in t h i s thesis are a cont inuat ion of t h i s 
work and addresses the f o l l o w i n g o b j e c t i v e s ; ( i ) 
d e t e r m i n a t i o n o f t he s t r u c t u r a l r e q u i r e m e n t s o f the 
f l a v o n o i d s e s s e n t i a l f o r DNA s t r a n d c leavage i n the 
presence of C u ( I I ) ; ( i i ) determination of the s p e c i f i c i t y 
i f any, of DNA cleavage by the f lavonoid - Cu( I I ) system 
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(iii) properties of protein fragmentation reaction by 
flavonoids and Cu(II). 
The first part of the result describes experiments on 
the rate of DNA degradation by various flavonoids using 
calf thymus and plasmid DNA. In the second part foot 
printing experiments are given that show that flavonoids do 
not possess any site specificity of binding to DNA. 
However, the experiments suggest that the flavonoid-Cu(II) 
system can be used as a preferential foot printing reagent 
due to the uniform cutting pattern of DNA internucleotide 
linkages. The third part deals with the protein degrading 
activity of the flavonoids - Cu(II) system. It also 
describes spectroscopic data to demonstrate the binding of 
flavonoids to proteins. 
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Fig. 1 Structures of various flavonoids. 
fa) Quercetin, (b) f-) Epicatechin, (c) Myricetin, 
(d) Rutin, (e) Galajigi'^ . (f) Apigeniw. 
4 > 0 H 
OM 
(a) (b) 
0—Glucose —Rhamnosc 
OH 0 
(d) ( c ) 
OH 0 OH 0 
(•) ( f ) 
EXPERIMENTAL : 
Material 
33 
Chemicals 
Apigenin 
Bathocuproine 
disulphonate 
Catalase 
Deoxyribonucleic Acid 
(Calf thumus type I) 
DNase I 
Materials 
Source 
Aldrich Chemical Company, USA 
Sigma Chemical Company, USA 
Sigma Chemical Company, USA 
Sigma Chemical Company, USA 
Worthington Biochemical Corp., 
USA 
Dithiothreitol (DTT) 
Epicatechin 
Formamide 
Galangin 
Sigma Chemical Company, U.S.A. 
Sigma Chemical Company, U.S.A. 
Sigma Chemical Company, U.S.A. 
Aldrich Chemical Company, USA 
Klenow (DNA polymerase I) New England Bio labs 
MIS/pUC sequencing primer New England Bio labs., UK 
Myricetin Sigma Chemical Company, U.S.A. 
Nitroblue terazolium (NBT) Sisco Research Labs., Bombay 
Neocuproine hydrochloride Sigma Chemical Company, U.S.A. 
Polyethylene glycol-8000 Sigma Chemical Company, U.S.A. 
Quercetin 
Sephadex G-50 
Supercoiled plasmid 
PBR322 and PUC19 DNA 
Superoxide dismutase 
(Bovine erythrocyte) 
Sigma Chemical Company, U.S.A. 
Pharmacia, 
Prepared in this laboratory 
according to the procedure of 
Maniatis et al.,(1982) 
Sigma Chemical Company, U.S.A. 
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S-i nuclease Sigma Chemical Company, U.S.A. 
Trinitrobenzene suiphonic Sigma Chemical Company, U.S.A. 
acid (TNBS) 
Trypsin Sisco, Bombay, India 
Ty DNA polymerase New England, Biolabs., U.K. 
Triton X-100 B.D.H., India 
Uric acid Sigma Chemical Company, U.S.A. 
p|»_32pjy^ 1-p (3000 Ci/mmol) Bhabha Atomic Research Centre, 
Bombay, India 
[•(-"^ P^ldCTP (3000 Ci/mmol) Bhabha Atomic Research Centre, 
Bombay, India 
All other chemicals were commercial products of 
reagent grade. 
EXPERIMENTAL 
Methods 
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METHODS 
Stoichiometric t i t r a t i o n of Cu( I ) production: 
The concentration of Cu( I ) produced in the f lavonoid-
C u ( I I ) react ion mixture was determined by t i t r a t i n g w i th 
bathocuproine as f o l l o w s : f l a v o n o t d (10 or 20uM) in lOmM 
T r i s - H C l , pH 7.4 was mixed w i th v a r y i n g c o n c e n t r a t i o n of 
C u ( I I ) and 120ul o f lOmM s tock b a t h o c u p r o i n e aqueous 
s o l u t i o n was added t o a t t a i n a f i n a l b a t h o c u p r o i n e 
c o n c e n t r a t i o n of 400uM, i n a t o t a l volume of 3 . 0 m l . 
Absorbance at 460nm was recorded. 
Reaction of f lavonoide and C u ( I I ) with pBR322 DNA: 
The reaction mixture (20ul ) contained lOmM Tr is -HCl , pH 
7.5, 0.5ug PBR322 DNA and 0.1OmM flavonoids in presence of 
0.2mM C u ( I I ) . The mixtures were incubated a t 37°C f o r 30 
minutes, a f te r which 8-10 ul of the solut ion containing SOX 
glycerol ^ / v ) , 40uM EDTA and 0.05X bromophenol blue (w/v) 
were added. The samples were electrophoresed on 1.4X agarose 
gels, which contained 0.5ug/ml ethidium bromide. 
S^  nuclease hydrolysis: 
The enzyme assay was done by e s t i m a t i n g the ac id 
s o l u b l e n u c l e o t i d e s , r e l e a s e d f rom DNA as a r e s u l t of 
enzymatic digest ion. The reaction mixture (0.5ml) contained 
10mM T r i s - H C l , pH 7.4 and 400ug c a l f thymus DNA ( n a t i v e . 
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denatured or flavonoid treated DNA). The reactions were 
started by the addition of Cu(II) (O.ImM). In some 
experiments free radical scavengers were also added to the 
reaction mixtures. 
To perform studies under anaerobic conditions nitrogen 
was bubbled through the assay mixture containing the complete 
system [individual flavonoids (quercetin; myricetin; 
epicatechin; rutin; galangin; apigenin) + Cu(II) + H2O2 + 
DNA] for 2 minutes. All solutions were autoclaved before use. 
S^  nuclease digestion of the mixture was carried out in a 
total volume of 1.0ml by addition of acetate buffer 0.1M, pH 
4.5, imM ZnSO^ and 20-30 units of S^  nuclease. The reaction 
mixtures were incubated for 2 hours at 48^0 and the reactions 
stopped by addition of 0.2ml of lOmg/ml bovine serum albumin 
and 1.0ml of 14X perchloric acid. The acid soluble material 
was determined by the diphenylamine method (Schneider, 1967). 
Detection of superoxide anion (0*2~): 
Superoxide anion was detected by the reduction of 
nitroblue tetrazolium (NBT) essentially as described by 
Nakayama s£ al-, (1983). A typical assay contained in a total 
volume of 3.0ml, 50mM potassium phosphate buffer, pH 7.8, 
33uM NBT, O.ImM EDTA and 0.06X triton X-100. The reaction was 
started by the addition of 40uM flavonoids (quercetin; 
myricetin; epicatechin; rutin; galangin; apigenin). 
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Immediately after mixing the absorbance at 560nm was measured 
under various experimental conditions against a blank which 
did not contain flavonolds. To confirm the formation of 0'2~. 
superoxide dismutase (SOD) was Introduced into the reaction 
mixture before adding flavonoids. 
Estimation of hydroxy! radical (OH*.): 
The assay i s based on the a b i l i t y of OH* radical to 
hydroxylate (at tack) aromatic r ings and the measurement of 
hydroxylated products by simple co lour imetr ic method using 
s a l i c y l a t e ( 2 - h y d r o x y b e n z o a t e ) as a d e t e c t o r mo lecu le 
(Richmond &JL aJL-, 1981) . The r e a c t i o n m i x t u r e ( 2 . 0 m l ) 
contained the fo l lowing reagents at indicated concentrat ions: 
2.0mM s a l i c y l a t e , O.ImM EDTA, O.ImM Cu( I I ) and 150mM KH2P04~ 
KOH buffer pH 8.0. The reactions were i n i t i a t e d by adding 
60uM f lavonoids (quercet in ; myr ice t in ; epicatechin; r u t i n ; 
g a l a n g i n ; a p i g e n i n ) and tubes were i n c u b a t e d a t room 
temperature f o r 2 hours. React ions were stopped by adding 
80ul of 11.6 N HCl and 0.5gms NaCl, fol lowed by 4.0ml of 
ch i l l ed d ie thy le ther . The contents were mixed by vortexing 
fo r 1 minute. Next, 3.0ml of upper ether layer was pipetted 
out and evaporated to dryness in a bo i l i ng tube at 40^C. The 
tubes were cooled and the residue dissolved in 0.25ml of cold 
d i s t i l l e d water to which, the fo l lowing reagents were added 
in order s ta ted; (a) 0.125ml of 10X w/v TCA dissolved in 0.5 
N HCl, (b) 0.25ml of ^0% w/v sodium tungstate in water, (c) 
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0.25ml of ^0% w/v NaN02 (freshly prepared). After standing 
for 5 minutes, 0.5ml of 0.5M KOH was added and absorbance at 
510nm was read exactly after 1 minute. 
Estimation of H2O2: 
H2O2 was determined q u a n t i t a t i v e l y accord ing t o the 
method o f Hozumi, (1969) w i t h m o d i f i c a t i o n s . A sample 
con ta in ing approximately 0.2umol o f f l a v o n o i d in 0.5ml 
dimethyl su l fox ide , 1.5 ml d i s t i l l e d water and 2ml of 50mM 
sodium phosphate buf fe r , pH 7.2 were mixed vigorously fo r 1 
minute a t room t e m p e r a t u r e . The r e a c t i o n m i x t u r e was 
centr i fuged at 9000 rpm fo r 10 minutes. One ha l f m i l l i l i t e r 
of the s o l u t i o n was added r a p i d l y e i t h e r t o 2ml of IX 
t i tan ium sulphate so lu t ion in 2.5N H2SO4 (as a sample) or to 
2ml of 2.5N H2S0^ (as a b lank) and the absorbance was 
determined at 410nm. The amount of H2O2 was calculated from a 
ca l i b ra t i on curve of H2O2. In order to i den t i f y the H2O2, 
before addi t ion of the t i tan ium sulphate so lu t i on , 0.4ml of 
catalase so lu t ion (Img/ml) or 0.4ml of water (as a cont ro l ) 
was added to 1.6ml of the supernatant fol lowed by incubation 
at 37°C fo r 10 minutes. 
Spectroscopy: 
The absorption spectra were obtained by using Beckman DU-40 
spectrophotometer. The fluorescence spectra were recorded 
39 
on a Shimadzu spectrofluorometer equipped with a calculator 
and plotter. The flavonoids were excited at 370nm and 
spectra were read between 400-600nm. In case of tryptophan 
fluorescence quenching, bovine serum albumin (0.7uM) was 
excited at 280 nm and spectra were read between 300-400 nm. 
All spectrophotometric and fluorometrlc experiments were 
done at pH 7.4 and ambient temperature. 
Protein Modification Studies: 
(i) Fragmentation by flavonoids 
The reaction mixture (1ml) contained lOmM potassium 
phosphate buffer, pH 7,4, bovine serum albumin (BSA), CUCI2 
and individual flavonoids. After 'specified times the 
reaction was stopped with EDTA (ImM) and precipitated with 
trichloroacetic acid. In some experiments neocuproine, the 
Cu(I) sequestering agent, or uric acid were included. The 
generation of material soluble in 5X TCA was assessed by 
estimating free amino groups using trinitrobenzene 
sulphonic acid (TNB8) (Habeeb, 1976). O.lml of (0.03M) 
aqueous TNBS was added to 0.4ml of sample and 4ml of 
disodium tetrahydroborate, pH 9.5, vortexed to ensure 
complete mixing and allowed to stand at room temperature 
for 30 minutes. The reagent blank consisted of O.lml of 
0.03M TNBS in 4.4ml of borate buffer, pH 9.5. Ab^orbance 
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was read at 420nm. The reaction was calibrated with 
glycine. 
In order to determine the susceptibility to tryptic 
digestion of quercetin - Cu(II) treated BSA, the reaction 
mixture was further incubated with 6ug trypsin at 37°C for 
30 minutes before precipitating with TCA. 
SDS/Polyacrylamide gel electrophoresis: 
The r e a c t i o n m i x t u r e ( 0 . 1 m l ) c o n s i s t e d of BSA 
( Img/ml) , quercetin and C u ( I I ) 200uM each. Af ter d i f f e ren t 
time in terva ls at room temperature the reaction was 
stopped w i t h 0 .1ml Sample-Dye (10X s u c r o s e , 5% S-
mercaptoethanol, 3% SDS, 62 ,6 mM T r i s - H C l pH 6 . 8 , 1 mM 
EDTA). A f t e r denatura t ion by h e a t i n g a t 100*^0 f o r 3 
minutes the samples were s e p a r a t e d on ^0% ( w / v ) 
M 
p o l y a c r y l a m i d e g e l s p r e p a r e d a c c o r d i n g t o method of 
Laemmli, (1970) . Gels were stained with Coomassie Blue. 
5'-End labelling of H13/pUC - sequencing primer: 
M13/PUC sequencing primer 5'd(QTAAAACGACQQCCACT)3' 
was purchased from New-England, Biolabs. It anneals at the 
unique site at 20 bp upstream of polylinker site in pUCl9 
plasmid DNA. The 5'-end was labelled by using T4 
polynucleotide kinase and [T-^^Pl ATP. The reaction 
mixture consisted of 25pmol of primer, 50pmol of [T-^^P] 
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ATP (3000 Ci/mmol) and 10 units of polynucleotide kinase. 
The final reaction volume of 50ul was incubated at 37*^ c 
for 10 minutes. The reaction was stopped by adding 2ul of 
0.5M EDTA and heated 10 minutes at 68°C. The 
unincoroporated radioactive label! was removed by Sephadex 
Q-50 spin columns according to standard procedure of 
Maniatis et al., (1982) (pp.464-466). 
DNase I - foot printing: 
ONase I - foot printing was performed essentially as 
described by Qralla, (1986). The technique uses end-
labelled oligonucleotide primers to probe specific DNA 
regions. Thus, DNA may be probed with high resolution in 
its native state. 
(i) Digestion conditions: 
2ug (1.02pmol) of pUC19 plasmid DNA was incubated 
with or without varying amounts of individual flavonoids in 
lOmM Tris-HCl, pH 7.5 and ImM NaCl. After 60 minutes at 
room temperature, 1 ul of DNase I (100 pg/ul) in DNase I 
buffer (10 mM Tris-HCl, pH 7.5, O.ImM EDTA, 10 mM MgClg, 
4mM CaClg, ImM DTT, 3X Glycerol, 60mM KCl, 2% PEQ-8000) was 
added to the reaction mixture. Exactly after 30 seconds at 
room temperature, the reaction was stopped with 20ul foot 
printing stop buffer (150mM NaCl, 15mM EDTA, 50 mM Tris-
HCl, pH 7.5, 0.3X SDS). The samples were extracted 
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successively with phenol, phenol/chloroform, chloroform and 
then precipitated with 3 volumes of ethanol in the presence 
of 0.3M sodium acetate, pH 5.2. The pellet was washed with 
70% ethanol, vacuum dried and resuspended in 35ul of water. 
In some experiments plasmid DNA was digested with 
flavonoids in the presence of CuClg, after specified times 
the reaction was stopped and proceeded as described above. 
(ii) Primer Extension: 
Ml3/pUC sequencing primer was used to probe 
protection/ cleavage of the top strand of the plasmid by 
flavonoid/flavonoid-Cu(II). Approximately I7ng of ^^P end 
labelled primer (lul), 35ul of pre-treated DNA (as 
described above) and 4u1 of lOmM NaOH were mixed and heated 
for 4 minutes at 90°C to denature the template DNA. The 
seunples were kept in ice for 5 minutes, after which 5ul of 
primer extension buffer (50mM Tris-HCl, pH 7.2, 2mM DTT, 
10mM MgSO^) was added to the reaction mixture and kept for 
3 minutes at 50^C to allow primer hybridization. All four 
(dNTP) deoxynucleoside triphosphates (5ul of a combined 
stock of 5mM each) were added and the samples were 
equilibrated briefly at 50°C. One microliter of freshly 
diluted Klenow DNA polymerase at 1 unit/ul was added and 
incubation was continued for 10 minutes at 50°C. Seventeen 
microliter of cold Stop-Mix (4M ammonium acetate, 5mM EDTA) 
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was added, followed by 3 volumes of chilled ethanol. The 
extension products were then washed and resuspended in 4ul 
of Stop-Dye Mix (90X deionized formamide, 0.5X Bromophenol 
Blue, 0.5X Xylene Cynol, 4mM NaOH, 1.26M urea). The 
samples were heated for 2 minutes at 95^C prior to gel 
electrophoresis. The sequencing reactions for Q, A, T and C 
were performed according to the established protocols of 
Sanger fii al-, (1977). 
(iii) Electrophoresis and Autoradiography: 
Produc ts of e x t e n s i o n were f r a c t i o n a t e d by 
electrophoresis on 6% polyacrylamide gels , containing 8M 
urea and TBE buffer , pH 8 .3 . Following electrophoresis, 
g e l s were soaked i n 10X a c e t i c a c i d f o r 10 m i n u t e s , 
t r a n s f e r r e d to Whatman 3MM paper , d r i e d under vacuum a t 
70°C and then subjected to autorad iography a g a i n s t an 
intensi fy ing screen for 10-20 hours at -70°C. 
RESULTS AND DISCUSSION 
Part-I Activities of flavonoids for the 
cleavage of DNA in the presence of 
Cu(II) 
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RESULTS (PART-I) 
The primary objective of the experiments described 
below is to determine the chemical features of flavonoids 
required for the DNA strand scission reaction as discussed in 
the "Introduction". A number of flavonoids have been chosen 
which differ in their chemical structure but are able to 
catalyse DNA cleavage to various degrees. In this part I have 
presented experiments which describe the rate of DNA 
degradation, the rate of generation of active oxygen species 
and the rate of spectral changes associated with the binding 
of Cu(II). 
Rate of DNA degradation by various flavonoids and Cu(II): 
Table I gives the rate of S^  nuclease hydrolysis of 
calf thymus DNA following damage induced by various 
flavonoids and Cu(II). The percent DNA hydrolysed by S•^ 
nuclease is dependent on the extent of single strand breaks 
formed by the flavonoid and Cu(II). It may be seen that 
myricetin causes the largest degree of hydrolysis followed by 
quercetin and epicatechin. The lowest degree of hydrolysis is 
achieved by galangin. In order to further sustantiate these 
results, conversion of supercoiled plasmid DNA to the 
relaxed circular form was used as an assay. This is a 
sensitive test for just one nick per genome. First, 
conversion of supercoiled plasmid pBR322 DNA to relaxed open 
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TABLE-I 
Comparison of S^  nuclease hydrolysis following damage to DNA 
induced by flavonoids and Cu (II). 
DNA nucleotide/compound % DNA hydro!ysed 
DNA + flavonoid + Cu (II) 
100 
2.6 
49.5 
55.0 
41.3 
35.8 
24.8 
35.8 
Denatured DNA 
Native DNA 
Quercetin 
Myr icet in 
Epicatechin 
Rutin 
Galangin 
Apigenin 
Concentrations of f lavonoids and Cu( I I ) were O.ImM each. 
Percent hyd ro l ys i s re fe rs to the loss of p r e c i p i t a b l e DNA 
f o l l o w i n g S^  nuclease t rea tmen t . D e t a i l s o f S^ nuclease 
assay are given in the "Methods". 
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circles by quercetin and Cu(II) was studied in a time 
dependent reaction (Fig.2). As seen, complete conversion from 
supercoHed to the relaxed form occurs in 30 minutes. This 
period of incubation was subsequently used for cleavage by 
the other flavonoids (Fig. 3a and 3b). With lOOuM flavonoids, 
complete conversion to open circular form of plasmid was 
seen with myricetin and epicatechin in addition to quercetin. 
With a lower concentration of 20uM flavonoids, complete 
conversion is seen only in the case of myricetin. Thus, these 
results agree with those of Table I where myricetin also 
showed maximum rate of DNA degradation. 
Table II compares the effect of oxygen radical 
quenchers on flavonoid-Cu (II) mediated DNA degradation. Five 
quenchers were tested, viz; SOD ( 0 ' 2 ~ ) F catalase (H2O2), 
sodium azide (0 2)* Mannitol and thiourea (OH' radical). As 
seen, all the quenchers used are effective in inhibiting the 
DNA degradation to various degrees with thiourea being the 
most effective in all cases. Sodium azide is least inhibitory 
except in the case of epicatechin suggesting that singlet 
oxygen also contributes the DNA breakage activity although to 
a lesser extent than the hydroxyl radical. 
Reduction of Cu(II) to Cu(I) by various flavonoids: 
Bathocuproine and neocuproine are selective Cu(l) 
sequestering agents. These compounds have been earlier 
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Fi^g. 2 Kinet ic, behaviour of DftA l>reakage induced by 
qsuereetin and C u ( I I ) . 
Reac t ion m i x t u r e s c o n t a i n i n g 0 .5ug pBR322 DNA, 
0,imM q u e r c e t t n and 0.2raM C u ( I I ) were incubated a t 
37^C f o r the t ime per iods i n d i c a t e d . Lanes 1-7: 0, 
0 .25, 0 . 5 , 1.0, 1.25, 2 ,0 , and 2.5 hours. 
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Fi9* 3 Comparison o f t h e r a t e s o f DNA d e g r a d a t i o n by 
var ious f lavonoids and C u ( I I ) a t 0.1mH ( a ) and 
0.02nM ( b ) , f lavonoid concentration. 
Reac t i on m i x t u r e s c o n t a i n i n g O.Sug pBR322 DNA, 
fTavonoids, 0.2mH C u ( I I ) (a ) 0.04mM C u ( I I ) ( B ) , were 
incubated a t 37^C and te rm ina ted a f t e r 30 minutes. 
O t h e r r e a c t i o n c o n d i t i o n s a r e g i v e n i n t h e 
"Methods". 
Lane 1 : DNA alone 
Lane 2 : DNA + que rce t i n + C u ( I I ) 
Lane 3 : DNA + m y r i c e t i n -f Cu(ZI) 
Lane 4 : DNA ••• e p i c a t e c h i n * C u ( I I ) 
Lane 5 : DNA + r u t i n + C u ( I I ) 
Lane 6: DNA -*• ga lang in + C u ( I I ) 
L*n« 7: DNA + ap lgen ln •• C u ( I I ) 
(a) 
U 5 6 7 
(b) 
1 2 3 ^ 5 fi 7 
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TABLE-II 
Effect Of quenchers of oxygen free radicals on the S^ nuclease 
hydrolysis following damage to DNA induced by 
flavonoids and Cu(II). 
Inhibition {%) 
Quenchers/ 
Flavonoids SOD Catalase Sodium Azide Mannitol Thiourea 
(20 ug/ml) (100 ug/ml) (10 mM) (10 mM) (5 mM) 
Quercetin 56.8 56.8 28.4 51.2 85.2 
Myricetin 40.3 72.3 0 40.3 72.3 
Epicatechin 42.8 61.4 56.0 36.0 82.6 
Rutin 43.0 33.9 19.8 43.0 82.6 
Qalangin 55.5 47.3 22.2 59.7 75.5 
Apigenin 41.1 45.3 37.7 41,1 86.9 
Concentrations of flavonoids and Cu(II) were 0.1 mM each. Percent 
hydrolysis refers to the loss of precipitable DNA following S^  
nuclease treatment. Concentrations shown here are the final 
reaction concentrations. Details of S^  nuclease assay are given in 
the "Methods". 
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employed to quan t i t a t i ve l y detect the reduction of Cu( I I ) to 
Cud) by quercet in (Rahman gt a l - , 1989). The Cu(I) chelates 
have a b s o r p t i o n maxima a t 480 and 450 nm r e s p e c t i v e l y 
(Jase low and Dawson, 1951 ; Nabesar, 1964) . Under the 
condi t ion of our react ions, nei ther Cu( I I ) nor the f lavonoids 
in te r fe re wi th these maxima. However, f lavonoids plus Cu( I I ) 
generate Cu( I ) . In Fig.4 and 5, the generation of Cu(I) from 
Cu( I I ) by epicatechin i s i l l u s t r a t e d . Simi lar p r o f i l e s are 
obtained by que rce t i n , m y r i c e t i n , r u t i n , g a l a n g i n , and 
apigenin. As the absorbance of bathocuproine-Cu(I) i s not 
marked by the yellow f lavonoid chromophore (Seen in F ig .4 ) , 
i t i s poss ib le t o ca l cu l a t e the c o n c e n t r a t i o n of CuCI)-
bathocuproine complex in such so lu t ion in the presence of the 
f lavono ids from the absorbance at. 480 nm and the molar 
e x t i n c t i o n c o e f f i c i e n t o f t he complex (13500) a t t h i s 
wavelength. A Job p lo t (Wong, g i a l - 1 1984) of absorbance 
versus Cu( I I ) /querce t in reveals maximum absorbance at the 
Cud I ) /que rce t i n molar r a t i o at which maximum conversion of 
Cu(I I ) to Cud) is achieved (F ig . 6a, b, c, d, e and f ) . Such 
ra t i os .we re determined t o be 5, 4 , 6, 5, 3 and 4 f o r 
que rce t i n , ep i ca tech in , m y r i c e t i n , r u t i n , g a l a n g i n , and 
ap igen in , r espec t i ve l y . Two d i f f e r e n t c o n c e n t r a t i o n s of 
f l avono ids , namely 10uM and 20uM were used and the same 
r a t i o was obtained at both the c o n c e n t r a t i o n s . Thus, the 
r a t i o obtained wi th each f lavonoid gives the stoichiometry 
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Fig- 4 Detection of epicatechin Induced Cu(I) pr^ odlucl^ lon by 
bathocuprolne. 
The concentration of bathocuprolne used'Wa#;^pu>r» 
( A > BiaWjocuprolne + vuiii) nvouMf 
( X ) Bathocuprolne + Cu(I) (20uM) 
( 6 ) BathodCipcpine + '^eplcatech 1 n (20uM) ^ 
Cu(II) (40uM^ 
( • ) ^athQci^pr^i^ne t i p l ca^^ (20 uM) 
i n i d l l cases t he r e a c t i o n was s t a r t e d by t he 
add i 11 bn o f bathotelipi^o 1 ne. 
300 350 AOO A50 500 
Wavelength (n m) 
550 600 
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Fig. 5 Detection of epicatechin Induced Cu(I) production by 
neocuprolne. 
The concentration of neocuproine used wfis'SOuM, 
( A ) Neocuproine + Cu(II) (100UM) 
( O ) Neocuproipe + Cu(I) (20uM) 
( X ) Neocuproine + epi^Qtechlh (,20uM) 
( • ) Neopuproirte + epicatechn <20uM)/+! Cu(II) 
in aYl,.cases the reaction was js.tart^ d Dy the 
add/t i on. of rtfeocuprpjl he. 
3 00 350 400 450 500 550 600 650 
Wavelength (nm) 
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Fig. 6 Stoichiometry of flavonoid-Cu(II) interaction 
the concent ra t ion of f l a v o n o i d s used were lOuM 
( A ) and 20uM ( # ). The d i f ference in absorbance 
at 480 nm of Isamples w i th and without added Cu( I I ) 
i s , p l o t t e d versus molar r a t i o or Cu( I I ) and various 
f lavohoids. |he value of the independent var iable 
at the in te rsec t ion ;o f the two l ines is a measure of 
the moles of Qu( I l^ converted to Cu(I) per mole of 
f l a v o n o i \ d s . jThe ivalJues o b t a i n e d f o r v a r i o u s 
f lavonoids are: (a) iOuercet in , 1:6; (b) Epicatechin, 
1 :4 ; ( c ) M y r | i c e t ^ n , 1 :6 ; ( d ) R u t i n , 1 :5 ; (e ) 
G a l a n g i n , ' 1 : 3 ; ' ( f ) Apigenin, 1:4. ' 
1.4 
1.2 
1.0 
o 
0 0 
^ 0.8 
< 
< 
0.6 
0.4 
0.2 
0.0 
( a ) 
/ 
/ * 
- / / 
Z - L • • ' • • 1 1 1 . 
( b ) 
I I I I 
Eq Cu( I I } / au* rc» t ln EqCu ( I D / Epicatjfchin 
i — I - t - I 
(d) -ri-*—<r-r^tr-
1 : i • ' • . s ' ^ t . 
t l—l 1 1 I I I L. 
Eq C u < l l ) / M y r l e t t l n Eq Cu ( I D / R u t i n 
0 2 4 6 8 10 
Eq Cu (II) /Galangjn 
( f ) 
7 / 
- / / 4 * 
7/ 
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for the reduction of Cu(II) by the free flavonoid. From the 
absorption data (A430) shown in Fig.6 for the different 
flavonoids, the amounts of Cu(I) produced were calculated by 
the formula: concentration = A^QQCX) ~ ^480(o)/^^^°^' where 
^480 (x) *^"*^  ^ 480 (o) ®'"® **^ ® absorbances at 480 nm of the 
samples with and without Cu(II) and 13600 is the molar 
absorptivity of the chromophore. The results are given in 
Table Ilia, b, c, d, e, and f. The data suggests that all the 
flavonoids on addition of 1 equivalent of Cu(II) produced 1 
equivalent of Cu(I) at concentrations below the equilibrium 
levels. 
Generation of active oxygen species by flavonoids: 
Previous work in this laboratory has shown that 
quercetin-Cu(II) mediated strand scission of DNA in the 
presence of molecular oxygen involves, the generation of 
active oxygen species such as superoxide anion (0*2") and 
hydroxyl radical (OH*) (Rahman al Al., 1989). Quercetin was 
shown to reduce oxygen to superoxide. In the presence of 
Cu(ll), the hydroxyl radical was formed. The strand scission 
of DNA was shown to occur under conditions in which Cu(ll), 
quercetin and either hydrogen peroxide or oxygen were 
present and superoxide was not necessary intermediate. Strand 
scission involved the hydroxyl radical and a radical DNA 
intermediate (Fazal fit al., 1990). These results indicated 
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TABLE-III(A) 
Production of Cu(I) from quercetin-Cu(II) Interaction as 
calculated from spectrophotoroetric data^. 
Cu(ll) added (uM) Cu(I) Produced (uM) 
10 uM quercetin 20 uM quercetin 
0 0 0 
5 4.5 NT** 
10 10.6 10.6 
20 21.9 20.8 
30 31.3 NT 
40 39.6 40.8 
50 60.3 NT 
60 51.0 59.9 
70 51.8 NT 
80 51.9 78.5 
90 62.6 NT 
100 63.4 101.7 
120 NT 102.4 
140 NT 103.9 
160 NT 103.2 
180 NT 103.2 
200 NT 104.9 
Assays were carried out as described under "Methods". 
^Concentrations of Cu(I) were calculated by using the 
equation : A = £ CI in which ^  = 13500, 1 = 1 cm. **NT = 
Not Tested. 
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TABLE-III(B) 
Production of Cu(I) from epicatechin-Cu(II) interaction as 
calculated from spectrophotometric data. 
Cu(ll) added (uM) Cu(I) Produced (uM) 
10 uM epicatechin 20 uM epicatechin 
0 0 0 
5 5.2 NT 
10 10.3 9.7 
20 18.5 18.4 
30 29.0 NT 
40 39.3 39.3 
60 40.6 NT 
«0 41.4 81.7 
70 42.2 NT 
80 42.3 79.3 
90 42.4 NT 
100 42.7 81.6 
120 NT 83.0 
140 NT 82.3 
160 NT 83.8 
180 NT 84.5 
200 NT 85.3 
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TABLE-III(C) 
Production of Cu(l) from myricetin-Cu(II) Interaction as 
calculated from spectrophotometric data. 
Cu(II) added (uM) Cu(I) Produced (uM) 
10 uM myricetin 20 uM myricetin 
0 0 0 
5 4.6 NT 
10 9.4 9.6 
20 18.9 19.3 
30 29.3 NT 
40 42.2 38.7 
50 49.6 NT 
60 60.8 59,6 
70 61.2 NT 
80 60.44 83.3 
90 60.8 NT 
100 60.7 98.7 
120 NT 122.5 
140 NT 120.3 
160 NT 124 
180 NT 125.5 
200 NT 126.2 
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TABLE-III(D) 
Production of Cu(I) from rutin-Cu(II) interaction as 
calculated from epectrophotometric data. 
Cu(II) added (uM) Cu(I) Produced (uM) 
10 uM rutin 20 uM rutin 
0 0 . 0 
5 5.3 NT 
10 9.11 9.85 
20 19.3 22.0 
30 33.7 NT 
40 42.8 42.4 
50 49.3 NT 
60 53.85 63.3 
70 52.4 NT 
80 50.4 77.6 
90 51.2 NT 
100 53.6 103.3 
120 NT 109.1 
140 NT 109.8 
160 NT 111.9 
180 NT 111.1 
200 NT 112.6 
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TABLE-III(E) 
Production of Cud) from ga1angin-Cu(II) Interaction as 
calculated from spectrophotometric data. 
Cu(II) added (uM) Cu(I) Produced (uM) 
10 uM galangin 20 uM galangin 
0 0 0 
5 4.8 NT 
10 9.3 9.9 
20 19.3 19.5 
30 29.6 NT 
40 31.9 39.5 
50 29.6 NT 
60 32.0 59.4 
70 32.9 NT 
80 31.4 61.3 
90 32.9 NT 
100 29.6 61.5 
120 NT 64.7 
140 NT 62.8 
160 NT 63.8 
180 NT 81.8 
200 NT 61.9 
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TABLE-III(F) 
Production of Cu(I) from apigenin-Cu(II) interaction as 
calculated from spectrophotometric data. 
Cud I) added (uM) Cud) Produced (uM) 
10 uM apigenin 20 uM apigenin 
0 0 0 
5 5.2 NT 
10 11.9 9.6 
20 21.4 21.5 
30 29.3 NT 
40 41.8 40.8 
50 41.9 NT 
60 42.0 59.4 
70 42.3 NT 
80 42.4 78.7 
90 42.6 NT 
100 42.7 79.0 
120 NT 79.4 
140 NT 79.85 
160 NT 79.4 
180 NT 80.1 
200 NT 82.4 
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that hydrogen peroxide is an essential intermediate in the 
reaction. It was further concluded that the hydroxyl radical 
is produced by the Fenton reaction -
HgOg + Cud) > OH- + OH" + Cu(II) 
The formation of H2O2 by 0*2" can occur by the following 
mechanism. Addition of a second electron to 0'2~ gives the 
peroxide ion (02^~) which has no unpaired electron and is not 
a radical. However, peroxide ion O2 at pH around 
neutrality immediately protonates to give hydrogen peroxide 
(H2O2). In aqueous solution O2 also undergoes dismutation 
to form HgOg and Og (Halliwel and Gutteridge, 1984). 
202~ + 2H'^  > H2O2 + O2 
The capacity of various flavonoids to generate superoxide 
anion (0*2'") was compared and the results are given in Table 
IV. The formation of superoxide anion was determined by 
reduction of nitroblue tetrazolium and the values are 
expressed as n moles of formazan formed as a function of 
incubation period in visible light and dark. As seen, the 
reaction is enhanced by light and is completely inhibited by 
superoxide dismutase indicating that the method genuinely 
assays the superoxide anion. The result shows that myricetin 
is the most efficient producer of superoxide anion followed 
by quercetin and epicatechin. The data are also in agreement 
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with the DNA cleavage rates where myricetin was the most 
efficient DNA cleaving flavonoid. 
The capacity of various flavonoids to generate hydroxyl 
radical in the presence of Cu{II) was also compared (Table 
V). This assay uses salicylate as the reporter molecule 
(Richmond ei al-. 1981). That this assay genuinely measures 
hydroxyl radical was previously demonstrated by inhibition 
with hydroxyl radical scavenging agents (Fazal £i al-. 1990). 
The rate of hydroxyl radical formation by different 
flavonoids is similar to the superoxide anion generation 
given in Table IV. 
As described above, the pathway for the generation of 
OH" hydroxyl radical involves H2O2 as intermediate which in 
turn is given rise to by the superoxide anion. Therefore, it 
was of interest to compare the rate of production of H2O2 by 
different flavonoids. The method involves the oxidation of 
titanium to pertitanic acid by hydrogen peroxide (Hozumi, 
1969). The results given in Table VI again demonstrate that 
myricetin, followed by quercetin and epicatechin are the most 
efficient producers of hydrogen peroxide. In the presence of 
catalase, H2O2 is not produced confirming that the procedure 
employed genuinely measures HgOg. 
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TABLE-V 
Formation of hydroxy! radica! as assayed by the hydroxy!ation 
of salicylate by structurally related flavpnoids. 
Flavonoid Hydroxylated product formed 
(n moles) 
Quercetin 153.8 
Myricetin 158.5 
Epicatechin 126.2 
Rutin 98.5 
Galangin 61.5 
Apigenin 70.7 
Concentration of flavonoids in the reaction mixtures were 60 
uM. Data are the means of triplicate samples. Details of 
other reaction conditions are given in the "Methods". 
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TABLE-VI 
Generation of HgOg by structurally related flavonolds. 
Compound^ umole H2O2 Produced 
Without catalase With catalase 
Ouercetin 2.25 0 
Myricetin 2.75 0 
Epicatechin 2.00 0 
Rutin 1.65 0 
Galangin 1.20 0 
Apigenin 1.50 0 
^Concentration of flavonoids were 0.2 umol. Data are the 
means of triplicate samples. 
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Rate of ONA degradation by flavonoids in the presence of H2O2 
under anaerobic conditions: 
As mentioned earlier, quercetin-Cu(II) mediated DNA 
cleavage does not occur in the absence of oxygen. However, 
oxygen can be replaced by hydrogen peroxide. The anaerobic 
incubation with hydrogen peroxide is inhibited by catalase 
but not with superoxide dismutase (Fazal gJt al-, 1990). These 
results were interpreted to suggest that H2O2 is an essential 
intermediate which is reduced by Cu(I) (Fenton reaction) to 
generate the hydroxyl radical. In order to determine whether 
the same pathway operates in DNA degradation by other 
flavonoids, the experiments shown in Table VII was done, the 
table shows the rates of S^  nuclease hydrolysis of DNA 
following incubation with different flavonoids in the 
presence of Cu(II) and H2O2 under anaerobic conditions. In 
agreement with previous results, most efficient DNA cleavage 
was seen with myricetin, quercetin and epicatechin, and 
galangin was the least effective. 
Effect of ethidium bromide on quercetin-DNA complex: 
Earlier studies in this laboratory have shown that the 
flavonoid quercetin binds to both double and single stranded 
DNA with concomitant changes in absorption spectrum and 
fluorescence emission spectrum of quercetin. Addition of DNA 
to a solution of quercetin causes a bathrochromic shift in 
its absorption spectrum. The binding is of a complex nature 
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TABLE-VII 
Comparison of S^  nuclease hydrolysis following damage to DNA 
induced by flavonoids and Cu(II) under anaerobic conditions. 
Incubation conditions % DNA hydrolysed 
Native (aerobic) 1.6 
Myricetin + Cu(II) + DNA (aerobic) 28.3 
Myricetin + Cu(II) + DNA (anaerobic) 7.9 
DNA + HgOg (anaerobic) 12.6 
DNA + HgOg + Cu(II) (anaerobic) 14.0 
Quercetin + HgOg + Cu(II) + DNA (anaerobic) 70.7 
Myricetin + HgOg + Cu(II) + DNA (anaerobic) 72.3 
Epicatechin + HgOg + Cu(II) + DNA (anaerobic) 70.7 
Rutin + HgOg + Cu(II) + DNA (anaerobic) 64.4 
Qalangin + H2O2 + Cu(II) + DNA (anaerobic) 55.0 
Apigenin + H2O2 + Cu(II) + DNA (anaerobic) 61.3 
Percent Hydro lys is re fe rs to the loss of p r e c i p i t a b l e DNA 
fo l l ow ing S^ nuclease t rea tment . F ina l c o n c e n t r a t i o n s of 
f l a v o n o i d s , C u ( I I ) and H2O2 were O.ImM, O.ImM and 5mM 
respect ive ly . Deta i ls of other react ion condit ions are given 
in the "Methods". 
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as indicated by Scatchard analysis (Rahman fii. al., 1990). 
One of the modes of binding of quercetin to double stranded 
DNA could be intercalation as the molecule presents a semi 
planner structure (Mori §t al-, 1988). In order to further 
explore this possibility the experiment given in Fig.7 was 
done. The addition of DNA to quercetin caused the 
characteristic shift in the absorption spectrum of quercetin 
from around 370 nm to 380nm. When ethidium bromide, a known 
DNA intercalating agent was added to the complex at a 
quercetin/ethidiurn bromide molar ratio of 1:1.5, the 
absorption maximum of quercetin reverted back to around 
370nm. Thus, apparently ethidium bromide is capable of 
displacing quercetin bound to DNA. 
Further support for this observation was obtained from 
fluorescence emission spectra of quercetin in the presence of 
DNA. The results show that the fluorescence enhancement 
causec' by the addition of DNA to quercetin is abolished on 
addition of ethidium bromide (Fig.8). Fig.9 shows the reverse 
experiment where absorption spectrum of ethidium bromide has 
been recorded after addition of DNA and subsequent addition 
of quercetin at two ethidium bromide/quercetin molar ratios 
of 1:1 and 1:10. It is seen that even at the ten fold higher 
concentration of quercetin, ethidium bromide remains bound to 
DNA. 
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Fig.7 E f fec t of Ethidiurn bromide on the abso rp t i on 
spectrum of quercet in - DNA complex 
The concentrations of quercet in and DNA were 
50uM/and 2mM bp respect ive ly . Trace 1, quercetin 
alor)e; trace 2, querdetin in the presence of DNA; 
• ' i • 
t r a c e 3, q u e r c e t i n p l u s DNA a f t e r a d d i t i o n o f 
ethidum bromide (75uM). Spectra were recorded 1. 
minute a f t e r m i x i n g reagen ts i n the 
spectrophotometer cuvet te. 
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Fig.8 Ef fect of querc^'|t;in on the absorption spectrum of 
e t h i d 1 tim brom i de' -v PNA comp 1 ex . 
the concent ra t ions of e t h i d i u m bromide and 
DNA-were 50uM and 125uK bp respect ive ly . Trace 1, 
etl]idium bromide alone; trace 2, ethidium brdmide in 
the-s^resence of DNA; t race 3, ethidium brom;ide and 
DNA'after add i t i on of 5QuM and t r a c e 4,i 5i(>0uM 
querce t i n . Spectra were recorded 1 minute a f t e r 
mixing reagents in the spectrophotometer cuvette. 
0.6000 
0.4800 -
UJ 0.3600 
z 
< 
OD 
QC 
O 
0) 
CO 
02400 
0.1200 
. i > > ; s . ^ : .• 
^ ^ ^ 
\ "^'i \ \\ • X'. Sx 
\ ^^^ \ , . ; . . . . ' • . ^ . , 
v\\ 
0.01 
400.0 440.0 
_L 
480.0 520.0 560.0 
_ J 
600.0 
WAVELENGTH (nm) 
71 
F ig .9 Changes i n f l uo rescence emission of quercetin-DNA 
complex on addit ion of ethitfium bromide. 
The concen t ra t i ons o f que rce t i h ; and DNA were 
25uM ^nd 1mM bp r e s p e c t i v e l y . TracgT; 1 , e t h i d i u m 
bromic/e alone (35uM); t r a c e 2, quiJLrcetin a lone; 
t race jS, querce^tin i n the prejsence o f DNA; t r a c e 4 , 
q u e r c e t i n p l us * DNA i^a f te r a d d i t i o r l o f 35uM o f 
ethidi jUm bromide/ - The e x c i t a t i o n w a v e l e n g t h was 
370nm. 
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The above results suggest that at least one of the 
modes of binding of quercetin to DNA is through 
intercalation. However, in relation to ethidium bromide such 
binding is considerably weaker. Earlier studies by Yamashita 
et al.. (1990) have shown that binding of quercetin to closed 
open circular DNA molecules results in the formation of a set 
of resolvable topoisomers depending upon its concentration. 
However, in relation to known intercalating agents such as 
4'-(9-acridinylamino) methanesulfon-m-anisidide (m-AMSA) and 
ethidium bromide, the concentration required by quercetin for 
complete DNA unwinding was at least ten fold higher. 
Changes in the absorption of flavonoids upon reaction with 
Cu(II): 
The flavonoids used in this study, excluding 
epicatechin, exhibit a visible absorption spectrum below 600 
nm with a major peak around 380 nm. In the case of quercetin, 
the addition of Cu(II) results in a instantaneous 
disappearance of a major band and the appearance of broad 
peak around 450 nm, which is characteristic of the formation 
of a charge transfer complex. The absorption spectrum further 
changes as a function of time with gradual disappearance of 
the peak at 450 nm and the appearance of a new species 
absorbing at 330 nm. Possibly this represents the Cu(II) 
catalysed oxidation products of quercetin (Fazal fei. al . . 
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1990). Fig. 10a, b, c, d and e depict similar experiments and 
show the decay with time of the charge transfer complexes of 
quercetin, myricetin, rutin, galangin, and apigenin, 
respectively. It is seen that whereas the behaviour of-
myricetin is similar to that of quercetin, the decay of the 
charge transfer complex of rutin and galangin is extremely 
slow. On the other hand, it appears that in the case of 
eplgenin there is no formation of discernible charge transfer 
complex. It is not certain how these differences in the 
spectral behaviour of different flavonolds may be related to 
the relative DNA cleavage efficiencies of different 
flavonolds. 
It was suggested that the peak appearing at 330 nm on 
decay of charge transfer complex represents the oxidation 
products of quercetin (Fazal gi fll., 1990). Such a peak is 
also observed on oxidation of rutin by horse radish 
peroxidase (Takahama, 1986). 
In order to confirm that the oxidation of quercetin 
results in a peak at 330 nm, the Cu(II) mediated oxidation 
was followed in the presence of ascorbate as a reducing 
agent. The results given in Fig.11 show that ascorbate 
inhibits such oxidation confirming that the band at 330 nm is 
due to the formation of oxidized products of quercetin. 
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Fig. 10a Time course of absorpt ion s p e c t r a l changes In 
quercetin Induced by the addition of pjaill) 
Quercet in and C u f l l ) concept r a t Ions were 50uM and 
150uM respec t i ve ly \ i n IQmKTris-HCI' buf fer , pH 8.0. 
Absorption spectra were /recorded at d i f f e ren t time 
periods a f te r add i t ion /p f Cu(J I ) . 
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Fig.lobTiffle course of absorpt ion spectr.a^| changes in 
myricetin induced by the addition of '0u( I I ) . 
Myricet in and Cu( I I ) concentrat ions/^ere 50uM and 
150uM respect ively in 10mM Tris-HCI buf fer , pH 8.0. 
Absorption spectra were recorded at dj i f ferent time 
periods a f te r addit\ion of C'u(II) 
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Fig.10c Time course of absorpt ion spec t ra l changes in 
rutin induced by the addition of Cu( I I ) . 
Rutin and Cu^II) concentrations were 5/buM and 150uM 
r e s p e c t i v e l y i n lOmM T r i s - H C I b u f f e r , pH 8 . 0 . 
Absorption spectra were recorded at d i f f e ren t time 
periocfs a f t e r addTtfon of Cudl). 
0 time ( - ^ ) 
1.0 minute ( . A .^ 
5.0 minutes ( /^^ ) 
10 minutes ( # ) 
15 minutes ( O ) 
u 
c 
o 
o 
< 
368 412 
Wavelength (nm) 
500 
77 
F i g . lOd Time course of absorpt ion spec t ra l changes in 
" galangin induced by the addition of Cu(IJ). 
Galangin and Cu ( I I ) concen t ra t ions 'wer^SOuM and 
150uM respect ively in lOmM Tris-HC1 buf fer , pH 8.0. 
Absorption spectra v/ere recorded at d i f f e ren t time 
periods a f te r addi t ion of C u ( I I ) . ' 
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F i g . l O e Time course of a b s o r p t i o n s p e c t r a l changes in 
apigenin induced by the addit ion of C u ( I I ) . 
Ap igen in and C u f l l ) c o n c e n t r a t i o n s wer^ 50uM and 
150uM r e s p e c t i v e l y i n 10mM Tr is-HCI b u f f e r , , p H 8 .0 . 
Absorpt ion spept ra were recorded a t d i f f e r e n t t ime 
per iods a f t e r a d d i t i o n of Cu ( I I ) ' . 
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Fig. 11 Inhibition pf Cu(II) mediated oxidation of quercetin 
by ascorbate. 
The reaction mixture (3.0ml) contained 50uM 
quercetin, 300uM Cu(II) and imM ascorbate in 10 mM 
Tris-HC1, pH 8.0. Absorbance at 330 nm was recorded 
at different time intervals. Reactions were started 
by the addition of Cu(II). 
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DISCUSSION (PART-I) 
The major conclusions of the experiments described 
above may be stated as follows: (i) the rate of DNA cleavage 
by various flavonoids correlates with increasing number of 
OH-groups in the B-ring of the flavonoid molecule. It also 
correlates with the stoichiometry of Cu(II) reduction by the 
free flavonoid i.e. the greater the moles of Cu(II) reduced 
per mole of free flavonoid, the greater the rate of DNA 
cleavage; (ii) the increasing extent of hydroxylation of fi-
ring also gives rise to increased production of the 
superoxide anion, the hydroxyl radical and hydrogen peroxide. 
As mentioned earlier (page 26), it was concluded by 
Brown (1980) from mutagenicity data that the most important 
structural requirement for mutagenicity of flavonoids is the 
3-OH group of the flavonol structure (See Fig.1). In a study 
of Cu(II) catalysed oxidation of quercetin and 3-hydroxy 
flavone, Utaka and Takada (1985) observed that the oxidation 
of the latter required a higher temperature and a longer 
reaction time whereas, the former could be oxidized at room 
temperature. This was explained by the fact that quercetin 
possesses electron donating hydroxyls at 3' and 4' positions 
in the B-ring which makes C-2 carbon electron dense, thereby 
facilitating the oxidation of quercetin to 2-alkoxyflavan-3-4 
diones. Possible the same mechanism explains the present 
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observation of increased hydrolysis of DNA with increasing 
hydroxyl groups in the B-ring (Fig.l2 top panel). Possible 
routes for the generation of Cu(I) from Cu(II) and the 
formation of the oxidation products of quercetin is given in 
(Fig.12).It may be mentioned that there may be several 
oxidized forms of quercetin and the nature of these may 
change during the subsequent reactions. 
The above mechanism of Cu(II) mediated oxidation of 
flavonoids would be plausible only in the case of galangin, 
quercetin, and myricetin with none, two and three hydroxyl 
groups respectively in the B-r1ng. In rutin the 3-OH Is 
glycosylated with rutinose (a dissacharide of glucose and 
rhamnose). The significant DNA breaking activity of rutin 
could possibly be due to the hydrolysis of the glycoside 
during the course of incubation or (more likely) due to its 
contamination with quercetin. Thin layer chromatograms of 
rutin samples suggest the presence of a contaminant with the 
same chromatographic characteristics as quercetin. The case 
of apigenin however, is more intriguing as it does not 
possess 3-OH and has only one OH group in the B-ring. Here 
the only conceivable groups for sequestering Cu(II) leading 
to its reduction would be the 5-OH and the carbonyl function 
at position 4. On the other hand, the generation of Cu(I) 
from Cu(II) by epicatechin can possibly occur through 
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Fig.12. Possible routes for the generation of c i j f l ) from 
Cu(I l ) in the presence of quercetin. 
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sequesteration of Cu(II) by 4'-0H and 5'-0H in the B-ring 
(Fig.12,bottom panel). 
From the above, it would appear that reduction of 
Cu(II) to Cu(I) by various flavonoids is the critical event 
in DNA degradation. As seen in "Results" the degree of Cu(l) 
formation is directly related to the rate of DNA cleavage. We 
have earlier proposed (Rahman, fli al., 1989) and subsequently 
established (Rahman, fii al., 1990) that a ternary complex of 
Cu(II)-quercetin-DNA is formed. Free flavonoids can catalyse 
the reduction of Cu(II) to Cu(I) in the absence of DNA 
through generation of superoxide anion. However, the 
formation of ternary complex is essential for subsequent 
reoxidation of Cu(I) (to generate active oxygen species) and 
the accompanying cleavage of DNA. The generation of oxygen 
radicals in the proximity of DNA is well established as 
cause of strand scission (Wong, gJt flj.., 1984; Ehrenfield, gi 
al. . 1987; Eliot, si &1-. 1984). It is recognised by most 
workers that hydroxyl radical reactions with DNA are preceded 
by the association of a complex with DNA, followed by the 
production of the hydroxyl radical at that particular site. A 
water soluble fraction from cigarette tar has been shown to 
associate with DNA and produce the hydroxyl radical In situ 
(Borish, si. Sl-. 1987). Thus, the nature of binding and 
selectivity of the ligand may determine the type of reaction 
of DNA damage by oxygen radicals (Pryor, 1988). 
RESULTS AND DISCUSSION 
Part-II DNase I-foot printing analysis 
of flavonoids-DNA complex 
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RESULTS (PART-II) 
DNase I-foot printing analysis of flavonoids - DNA complex 
A family of techniques, collectively known as "foot-
printing" was used to investigate the sequence - selectivity 
of binding of flavonoids to DNA. The foot printing agent 
used was DNase I as it has been successfully used by Waring 
and coworkers to establish the preferential binding to 
certain DNA sequences of several drugs such as berenil, 
netropsin and distamycin (Portugal and Waring, 1987), 
actinomycin D (Fox and Waring, 1987) and dounomycin (Chaires 
et al. . 1987). The sites to which the flavonoid is bound 
should be protected from cleavage by DNase I and should be 
visible as "gaps" in the sequence on a denaturing 
polyacrylamide gel, revealing both the position and length of 
the binding sites. 
Fig. i3 shows an autoradiograms obtained with quercetin, 
myricetin and galangin (50uM) after incubation with 
supercoiled pUC19 plasmid DNA (2ug, 1.02pmol), followed by 
partial digestion with DNase I. The primer extension through 
the multiple cloning region of the plasmid was carried out 
using labelled "universal sequencing primer" and Klenow 
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Fig. It3s Autoradiogram of a denaturing 8X aery 1 amide gel of 
&Naa» I foot printing analysis of flavonoids - pUC19 
DNH complex. 
tarsef I, intact DMA; lane 2, shows DNase I digestion 
patCern of pUC19 pi asm id DNA alone; lanes 3, 4, and 
S represent DNase I digestion pattern of pUC19 
pjlasmic* OWA incubated with quercetin, myricetin and 
gGalanwin for 80 minutes at 20*^ 0 respectively; lanes 
6, 7r 8 and 9 show dideoxy sequencing reactions for 
&y Mr T and c. The concentrations of flavonoids were 
SOuW tfach. Experimental conditions are given in the 
"><ethode". 
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fragment of DNA polymerase I. The results show that none of 
the flavonoids show any protection or "foot prints". 
It is recognised by most workers that hydroxy1 radical 
reactions with DNA are preceded by the association of a 
complex with DNA, followed by the production of the hydroxyl 
radical at that particular site {Pryor, 1988). Thus, the 
cleavage pattern of internucleotide bonds by flavonoid-Cu(II) 
complex may provide an idea of the preferential sites of 
cleavage and therefore the sites of binding. pUC19 
supercoiled DNA was cleaved by quercetin-Cu(II) (Fig.14) and 
myricetin - Cu(II) (Fig.15) and after primer extension was 
electrophoresed on a denaturing gel. It is seen that both 
the reagents give a uniform cleavage of all internucleotide 
bonds and there is no indication of any preferred sites. On 
the other hand DNase I cleavage, as is well established (Drew 
and Travers, 1984) shows preference for certain sites as 
indicated by the presence of a number of relatively intense 
bands (Fig.13 lane 2 and Fig.14 lane 8). 
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Fig. 14 Autoradiogram of a denaturing 8X acrylamide gel of 
strand scission by quercetin and Cu(II). 
2ug of pUC19 plasmid DNA was incubated with 
quercetin and Cu(II) at 0.8mM each for different 
time intervals at 20°C. Lane 1, intact DNA; Lane 2, 
DNase I digestion pattern of pUC19 plasmid DNA; 
lanes 3, 4, 5, and 6 represent dideoxy sequencing 
reactions for G, A, T and C; lanes 7, 8 and 9 
represent 30, 60 and 90 seconds of quercetin -
Cu(II) digestion pattern of pUC19 plasmid DNA. 
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Fig. 15 Autoradlogram of a denaturing 8X acrylamlde gel of 
strand scission by myricetin and Cu(II). 
2ug of PUC19 piasmid DNA was incubated with 
myricetin and Cu(II) at 0.4mM each, for different 
time intervals at 20°C. Lanes 1,2,3, and 4 
represent dideoxy sequencing reactions for G, A, T, 
and C; lanes 5,6, and 7 represent 30, 60 and 90 
seconds of myricetin - Cufll) digestion pattern of 
pUC19 piasmid DNA; lane 8, shows ONase I digestion 
pattern of pUC19 piasmid DNA. 
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DISCUSSION (PART-II) 
Previous experiments in this laboratory (Rahman ei al.. 
1989) had shown that when open circular pBR322 DNA, obtained 
from supercoiled plasmid DNA on cleavage with quercetin -
Cu(II), was further digested with EcoRI, it resulted in the 
production of heterogenous sized fragments. This suggested 
that there were no specific or preferred sites or sequences 
for quercetin binding to DNA. The experiments described 
above on DNase I foot printing with pUC19 plasmid DNA also 
did not show any "foot prints". Similarly flavonoid - Cu 
(II) cleavage of plasmid DNA resulted in bands of similar 
intensity on a sequencing gel indicating that there are no 
hyper-sensitive sites for cleavage. Thus, these results are 
in confirmation of the earlier observations. 
A comparison of the sequence pattern obtained by DNase 
I and quercetin - Cu(II) or myricetin - Cu(II) leads to the 
observation that flavonoid - Cu(II) cleavage reaction of DNA 
can be used as a preferred foot printing reagent as it 
generates uniform sequencing ladders. DNase I is known to be 
sensitive to small differences in the DNA structure and 
therefore gives rise to sequence - dependent pattern of 
cleavage in duplex DNA (Fox and Waring, 1984). For example, 
it has been suggested that DNase I binds across minor groove 
90 
of the double helix and that local variations in groove width 
might affect the cutting efficiency of the enzyme. The width 
of the minor groove is different in runs of AT sequences and 
GC sequences (Drew and Travers, 1984). It appears from the 
above results that such structural differences do not affect 
the rates of cleavage of DNA by flavonoid-Cu(II) reagents. 
Some other DNA foot printing reagents in this category have 
been used with advantage and include the copper -
phenanthroline system (Sigman, 1986) and methidiumpropyl-
EDTA-Fe(II) system (Van Dyke and Dervan, 1983). Thus, 
flavonoid - Cu(II) system could be an useful addition to the 
repertoire of such DNA foot printing reagents. 
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RESULTS (PART- I I I ) 
Fragmentation of proteins by Quercet in-Cu{ I I ) 
Free r a d i c a l s such as the hydroxyl r a d i c a l have been 
shown t o f ragment and c r o s s l i n k p r o t e i n s ( S c h u e s s l e r and 
S c h i l l i n g , 1984; Wol f f and Dean, 1986). Since p ro te i ns are 
p resen t i n s i d e and o u t s i d e c e l l s i n h i g h c o n c e n t r a t i o n s , 
m o d i f i c a t i o n by f r e e r a d i c a l s may have a m p l i f i e d e f f e c t s on 
t h e s e c r i t i c a l t a r g e t s . The f r a g m e n t a t i o n o f BSA by 
querce t in and C u ( I I ) was examined by SDS-PAGE ( F i g . 1 6 ) , the 
r e s u l t s showed t h a t BSA was fragmented to heterogeneous s ized 
molecules by que rce t i n in the presence of C u ( I I ) i n a t ime 
d e p e n d e n t r e a c t i o n . I n o r d e r t o make t h e a n a l y s i s 
q u a n t i t a t i v e , a chemical assay f o r re lease of ac i d - so l ub l e 
pept ides was used. The r e s u l t s g iven in F ig.17 show t h a t the 
f r a g m e n t a t i o n r e a c t i o n was p r o g r e s s i v e and p l a t e a u e d a t 
between 7 and 8 hours. For subsequent exper iments , the 8 
hou r t i m e p o i n t was u s e d . F i g . 18 shows dependency on 
que rce t i n concen t ra t i on of the genera t ion of a c i d - s o l u b l e 
p e p t i d e s . The re l ease o f such p e p t i d e s i n c r e a s e s w i t h 
inc reas ing que rce t i n concen t ra t i on (0-600 uM). The e f f e c t of 
v a r y i n g C u ( I I ) c o n c e n t r a t i o n i s g i v e n i n F ig .19 . The 
concen t ra t i on o f que rce t i n used in t h i s experiment was 500 
uM. I t i s seen t h a t the f ragmenta t ion r eac t i on reaches a 
cons tan t va lue a t a C u ( I I ) c o n c e n t r a t i o n o f 125 uM. A 
n 
Ftg;-16 SDS/polyacrylamide-gel e l e c t r o p h o r e s i s of BSA 
incubated with quercetin and C u ( I I ) . 
BSA (img/ml) was exposed to quercetin (0.2mM) 
and Cu(IZ) (0.2fnM) as described in the t ex t . Af ter 
speci f ied time in te rva ls reactions were stopped and 
run on 10X ( w / v ) p o l y a c r y 1 amide g e l s . Lane a, 
Contro l , (incubated BSA alone); lanes b-f. 1,2,3,4,5 
hr incubation. 
a b e d e f 
19 
• 
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Fig. 17 Effect of time on fragmentation of BSA induced by 
quercetin in the presence of Cu(II). 
The concentrations of BSA and quercetin were 
2mg/ml and 0.5mM respectively. The reactions were 
started by the addition of 0.5mM Cu(II)'and 
incubated at 20°C for different time intervals. See 
"Methods" for details. 
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Fig.18 Effect of increasing concentration of quercetin on 
fragmentation of BSA by quercetin-Cu(II) . 
The react ion mixture contained BSA (2mgmi), 
0. 5mM C u ( I I ) and v a r y i n g c o n c e n t r a t i o n s , o f 
q u e r c e t i n . The r e a c t i o n s were s t a r t e d by the 
addi t ion of Gu(I I ) and incubated at 20°C fo r 8 h. 
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F i g . 1 9 . E f f e c t of increasing c o n c e n t r a t i o n of C u < I I ) on 
fragmentation of BSA by quercetin - C u ( I I ) . 
React ion mix tures con ta i n i ng BSA •(2mg/miy, 
q u e r c e t i n (0.5mM) and v a r y i n g c o n c e n t r a t i o n s of 
CuClg were incubated a t 20°C f o r 8 h r . 
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similar plateau is also seen in the case of DNA degradation 
by quercetin-Cu(II) (Rahman ei al-, 1989). 
Fig.20 compares the rate of BSA fragmentation by the 
flavonoids, quercetin, myricetim and galangin in the presence 
of Cufll). These flavonoids, as already mentioned (See Fig.1) 
differ in the number of hydroxyl groups in the B-ring of the 
flavonoid molecule. As seen the efficiency of BSA 
fragmentation is in the order, myricetin > quercetin > 
galangin and is similar to the relative rates observed for 
DNA cleavage. 
Modification of proteins by hydroxyl radicals has been 
shown to enhance their susceptibility to trypsin hydrolysis 
(Wolff and Dean, 1986). In order to test this observation 
with the quercetin-CudI) system, the experiment given in 
Fig.21 was carried out. As can be seen, the rate of 
generation of amino groups after subsequent treatment with 
trypsin is several fold higher than with quercetin-Cu(II) 
alone. 
Involvement of Cu(I) in the reaction: 
Rahman st. aj.-. (1989) proposed that the DNA strand 
scission by quercetin-Cu(II) is associated with the transient 
reduction of Cu(II) to Cu(I) and generation of active oxygen 
species including the hydroxyl radical. In this reaction 
Cud) was shown to be an essential intermediate by using the 
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Fig. 20 Comparison of the rates of BSA fragmentation by 
structurally related flavonoids and Cu( I I ) . ,, 
The concentrations of f lavonoids and Cu( I I ) 
were 0.5rr>M each. Other r e a c t i o n c o n d i t i o n a are 
d e s c r i b e d i n the t e x t . Ga lang in ( 0 ^; 
Quercetin ( # ); Myr icet in ( A )• 
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Fig. 21 Tryptic proteolysis of B8A after incubation with 
quercetin in the presence of Cu(II). 
Increased susceptibility of BSA (amg/ml) to 
tryptic hydrolysis after exposure to varying 
concentrations of quercetin in the presence of ImM 
Cu(II) is shown. The reaction mixture was incubated 
at 20°C for 8 hr before adding trypsin (6ug/ml) and 
incubating further for 30 minutes at 37®C. The 
control background value representing hydrolysis of 
BSA by trypsin only was subtracted from all 
corresponding points. (%) Without trypsin treatment 
f A ^ With trypsin treatment. The value are mean of 
tryplicate samples. 
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Cu(I) sequestering reagents, neocuproine and bathocuproine. 
In order to investigate whether sequesteration of Cu(I) 
results in abolition of BSA fragmentation, neocuproine was 
used. In control experiment, the neocuproine-CufI) complex 
was shown not to generate any TCA-soluble peptides. Effect 
of neocuproine on the quercetin-Cu( II ) reaction was 
determined by measuring micromolar amino groups made TCA-
soluble (A) and micromolar amino groups made TCA-soluble in 
the presence of neocuproine (B). The percent inhibition [100 
X (A-B)/A] plateaued at a neocuproine/Cu(11 ) ratio of 2 
(Fig.22), confirming that Cu(I) is an essential intermediate 
and consistent with a simple sequesteration mechanism for 
inhibition as the stoichiometry of neocuproine-Cu(II) is 2:1. 
Fragmentation in the presence of Uric acid: 
Uric acid is a proposed natural physiological anti-
oxidant and is classically a radical scavenger (Halliwell and 
Gutteridge, 1990). Reaction between uric acid and free 
radicals geijjerates a tautomeric urate radical anion with the 
unpaired electron shared between N7 and N9 (Maples and Mason, 
1988) and this radical was considered to have the damaging 
effect on macromo 1 ecu 1 es (Willson gi aJ_. , 1985). 
Fragmentation of BSA induced by quercetin-CudI) was followed 
in presence of uric acid and the results given in Fig.23 show 
that in its presence the rate of fragmentation of BSA was 
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Fig.22 I n h i b i t i o n by neocuproine of quercetin - C u ( l l ) 
mediated fragmentation of BSA. 
BSA (2mg/m1) was t reated wi th 0.5mM quercetin 
and 0.5mM C u ( I I ) i n presence of v a r y i n g 
c o n c e n t r a t i o n s o f n e o c u p r o i n e . Reac t i ons were 
incubated for 8 hr at 20°C. 
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Fig. 23 Fragnnentation of BSA by quercetin and Cu(II) in the 
presence and absence of uric acid. 
Fragmentation of BSA (2mg/ml) after incubation 
with 0.5mM Cu(II) with varying concentration of 
quercetin in the presence ( A ) and absence ( # ) of 
2mM uric acid. 
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c o n s i d e r a b l y e n h a n c e d . F i g . 2 4 d e p i c t s t h e e f f e c t o f 
i n c r e a s i n g u r i c a c i d c o n c e n t r a t i o n fO-5mM) on t h e 
f ragmenta t ion of BSA induced by que rce t i n - C u f l l ) . I t i s 
seen t h a t the genera t ion of amino groups increases w i t h u r i c 
ac id c o n c e n t r a t i o n . 
The f o r m a t i o n o f complexes i n v o l v i n g f l a v o n o i d s , BSA and 
C u ( I I ) : 
BSA binds to a variety of both endogenous (e.g. free 
fatty acids) (Thiesenn et al-, 1972) and exogenous (various 
drugs) ligands (Brodersen, 1974). Evidence for the binding 
of flavonoids to BSA was obtained from fluorescence spectra. 
Most proteins, including BSA exhibit ultraviolet fluorescence 
(emission at 340nm due to tryptophan moiety). When a ligand 
binds to the protein it may quench this native fluorescence 
(Chignell, 1972). In order to study the binding of 
flavonoids to BSA, following experiments were done. The 
experiments given in Fig.25, 26 and 27 show the tryptophan 
fluorescence quenching with quercetin, myricetin and galangin 
respectively. It is seen that in all cases the fluorescence 
quenching increases with increasing concentration of 
flavonoids. Further evidence of binding came from 
fluorescence enhancement of flavonoids on binding to BSA. 
All the flavonoids used, viz; Quercetin (Fig.28), Myricetin 
(Fig. 29) and Galangin (Fig.30) show fluorescence emission at 
540nm (excitation 370nm). As can be seen, the fluorescence 
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Fig. 24 Effect of uric acid on fragmentation of BSA induced 
by quercetin and Cu(Il). 
Fragmentation of BSA (2mg/ml) after incubation 
with quercetin and Cu(II) at 0.5mM each in presence 
of varying concentrations of uric acid is shown. 
Reactions were incubated for 8 hr at 20°c and TCA 
soluble peptides were measured. 
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Fig. 25 Fluorescence quench titration of BSA with various 
concentrations of quercetin. 
0.7uM of BSA (excitation wavelength 275nm) was 
mixed with various concentrations of quercetin. The 
following BSA/quercetin molar ratios were used. 
Trace 1, BSA alone; trace 2, 1:1; trace 3, 1:2^ 
trace 4, 1:3; trace 5, 1:4 and trace 6, 1:5. 
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Fig.26 Fluorescence quench titration of BSA with various 
concentrations of myricetin. 
0.7UM Of BSA (excitation wavelength 275nm) 
was mixed with various concentrations of myricetin. 
The following BSA/myricetin molar ratios were used. 
Trace \ , BSA alone; trace 2, V. V,;. trace Z, V. 2; 
trace 4, 1:3; trace 5, 1:4, and trace 6, 1:5. 
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Fig,27 Fluorescence quench titration of BSA with various 
concentrations of galangin. 
0.7uM of BSA (excitation wavelength 275nm) 
was mixed with various concentratiohis of galangin. 
The following BSA/galangin molar ratios were used. 
Trace 1, BSA alone; trace 2, 1 : 1 ; trace 3, 1:2; 
trace 4, 1:3; trace 5, 1:4 and trace 6, 1:5. 
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F ig .28 Changes i n f luorescence emission of q u e r c e t i n on 
' addit ion of BSA. 
The f luoroscence spectrum ( e x c l t a t t o n 370nm; 
e m i s s i o n 400-600nm w i t h maximum a t 540nm) o f 
q u e r c e t i n was r e c o r d e d as desc? r i bed' i n t h e 
"Methods". The concen t ra t ions o f que rce t i n and BSA 
were 25uM and 1uM respec t i ve l y . ; Tlrace '1 , i s the 
spectrum o f BSA a lone ; t r ace 2, jquercet in alone and 
tracte 3, que rce t i n w i t h BSA. 
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Fig. 29 Changes in fluorescence emission of myr icet in on 
addition of BSA. 
The fluorescence spectrum (excitation 370nm; 
emission 400-600nm wi th maximum at 640nm) of 
myr ice t in was recorded as descr ibed in the 
"Methode". The concentratlone of myricetin and B8A 
w^fe 25uM and luM respectiyely. Trace 1, Is the 
spectrum of BSA alone; trace 2, myr icet in alone 
and trace 3, myricetin with BSA, 
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Fig . 30 Changes in f luorescence emission of ga lang in on 
addit ion of BSA. 
The fluorescence spectrum (exc i ta t ion 370nm; 
emiss ion 400-600nm w i t h maximum a t 540nm) of 
galangin was recorded as described in the "Methods". 
The concentrations of galangin and BSA were 25uM 
and 1uM respect ively . Trace 1 , is the;.spectrum of 
BSA alone; trace 2, galangin alone and trace 3, 
galangin with BSA, 
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of quercetin and myricetin is enhanced by a factor of 1.5 and 
2.0 respectively. In the case of galangin however, the 
fluorescence enhancement is not seen at all. Thus, these 
results correlate well with rates of fragmentation of BSA 
(Fig.20) by flavonoid - CuClI) system where the greatest 
degradation was observed with myricetin followed by quercetin 
and galangin. 
As mentioned earlier, (page 22) quercetin was shown to 
bind to both double and single stranded DNA Quercetin -
Cu(II) forms a charge transfer complex that decays in an 
oxygen dependent reaction and the decay is accelerated by the 
presence of DNA (Rahman et al-, 1990). In order to explore 
the above observation with BSA the experiment given in Fig.31 
was done. The addition of BSA to quercetin caused the 
characteristic shift in the absorption spectrum of quercetin 
from around 370 to 382nm indicative of the binding of 
quercetin to BSA. The absorption with a wavelength maximum 
of 450nm in solutions of quercetin and Cu(II) is due to 
formation of a charge transfer complex (Rahman et al., 1990). 
The effect of BSA was to shift this maximum to 412nm. These 
data are indicative of the formation of a BSA-quercet1n-
Cu(II) ternary complex. similar results were obtained with 
myricetin (Fig.32) and galangin (Fig.33) although the 
absorption spectrum of the binary and ternary complexes is 
different in these cases. 
Ill 
Fig. 31 Absorption spectrum of quercetin upon reaction with 
Cu(II) in the presence and absence of BSA. 
Absorption spectrum of quercetin (50uM) (1); 
(2) with BSA (50uM); (3) with BSA (50uM) and CuCII) 
f150uM); (4) with CudI) (150uM). In the case of 
trace 3, CuXII) was the last reagent to ,be added. 
Spectra were recorded 1 minute after mixing reagents 
in the spectrophotometer cuvette. 
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Fig. 32 Absorption spectrum of myricetin upon reaction with 
Cu(II) in the presence and absence of BSA. 
Absorption spectrum of myricetin (50uM) ft); 
(2) with BSA (60uM); (3) with BSA (SQuM) $ind Cu,(II) 
(150uM); (4) with Cu(II) (150uM). In.the case-of 
trace 3, Cufll) was the last reagent to be added. 
Spectra were recorded 1 minute after mixing reagents 
in the spectrophotometer cuvette. 
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Fig. 33 Absorption spectrum of galangin upon reaction with 
Cu(II) in the presence and absence of BSA. 
Absorption spectrum of galangin (50uM) (1); 
(2) with BSA (50uM); (3) with BSA (50uM);and CM(II) 
(150uM); with Cu(II) (150uM). In the case of trace 
3, Cu(II) was the last reagent to b^ added< Spectra 
were recorded 1 minute after mixing reagents in the 
spfectrophotometer cuvette. 
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DISCUSSION (PART-III) 
The results presented have lead to the following 
conclusions; (i) the free radicals, possibly the hydroxyl 
radical, generated by quercetin and Cu(II) cause 
fragm«=ntation of albumin; (ii) the rate of BSA fragmentation 
by flavonoid - Cu(II) correlates with the number of hydroxyl 
groups in the B-ring of the flavonoid molecule. Myricetin 
with three hydroxyl groups being the most active followed by 
quercetin (two OH-groups) and galangin (no OH-groups). (iii) 
BSA-, flavonoid and Cu(II) interact to form a ternary complex; 
(iv) uric acid, which is presumably converted into a free 
radical by hydroxyl radical oxidation enhances the 
fragmentation of BSA by quercetin Cu(II). 
It has been earlier shown that flavonoids in solution 
reduce oxygen to superoxide anion (Fazal §^ al-. 1990). It 
was further proposed (Rahman et aj.-» 1989) that Cu(II) is 
reduced to Cu(I) by the superoxide and it is the reoxidation 
of Cu(I) to Cu(II) within the ternary complex i.e. in situ 
that is accompanied by the formation of free radicals 
including the hydroxyl radical. It is proposed that the same 
mechanism may be operative in fragmentation of BSA as it can 
also form a ternary complex with flavonoids and Cu(II). It 
has been shown that metal ions mediate the binding of small 
organic molecules to protein where the metal acts as a bridge 
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between the protein and the small molecule (Klotz and Ming, 
1954), The fact that free amino groups are generated on 
protein fragmentation indicates that cleavage involves 
peptide bond hydrolysis. Wolff and Dean, (1986) have shown 
that hydroxyl radical attack on proteins leads to 
conformational changes and therefore, to enhanced 
susceptibility to enzymic proteolysis. A similar observation 
was made in one of the experiments described above where the 
susceptibility to tryptic proteolysis of BSA was enhanced in 
the presence of quercetin and Cu(II). Possibly the hydroxyl 
radical mediated cleavage leads to the exposure of buried 
sites for trypsin cleavage. 
As already mentioned, uric acid is considered to be a 
major naturally occurring antioxidant in humans (Ames et al.. 
1981). However, in the scavenging reaction with free 
radicals, uric acid itself forms a urate radical which may 
have the damaging effect on proteins. It has been shown 
that uric acid substantially enhanced the free radical 
induced inactivation of alcohol dehydrogenase (Kittridge and 
Will son, 1984) and to inactivate m^^ anti-proteinase (Aruoma 
and Halliwell, 1988). Our results also showed that the 
fragmentation of BSA by the quercetin - Cu(II) system was 
substantially increased in the presence of uric acid. It has 
been reported that a small fraction of dietary flavonoids may 
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